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Abstract 

The second part of this review is devoted to the Higgs sector of the Minimal Super- 
symmetric Standard Model. The properties of the neutral and charged Higgs bosons 
of the extended Higgs sector are summarized and their decay modes and production 
mechanisms at hadron colliders and at future lepton colliders are discussed. 




M* [GeV] 


The total decay widths of the neutral and charged MSSM Higgs bosons and their production cross 
sections at the LHC and at a 500 GeV e'^e~ collider in the main channels. 
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Preambule 


Virtues of low energy Supersymmetry 

Despite its enormous success in describing almost all known experimental data available to¬ 
day [1,2], the Standard Model (SM) of the strong and electroweak interactions of elementary 
particles [3,4], which incorporates the Higgs mechanism for the generation of the weak gauge 
boson and fermion masses [5], is widely believed to be an effective theory valid only at the 
presently accessible energies. Besides the fact it does not say anything about the fourth 
fundamental force of Nature, the gravitational force, does not explain the pattern of fermion 
masses, and in its simplest version does even not incorporate masses for the neutrinos, it has 
at least three severe problems which call for New Physics: 

- The model is based on SU(3)c x SU(2)l x U(1)y gauge symmetry, the direct product 
of three simple groups with different coupling constants and, in this sense, does not provide 
a true unification of the electroweak and strong interactions. Therefore, one expects the 
existence of a more fundamental Grand Unified Theory (GUT), which describes the three 
forces within a single gauge group, such as SU(5) or SO(IO), with just one coupling constant 
[6-8]. However, given the high-precision measurements at LEP and elsewhere [1,2] and 
the particle content of the SM, the renormalization group evolution of the gauge coupling 
constants is such that they fail to meet at a common point, the GUT scale [9]. This is the 
[gauge coupling] unification problem. 

- It is known for some time [10,11] that there is present a large contribution of non- 
baryonic, non-luminous matter to the critical density of the Universe, and several arguments 
point toward the fact that this matter should be non-relativistic. More recently, the WMAP 
satellite measurements in combination with other cosmological data, have shown that this 
cold Dark Matter (DM) makes up ~ 25% of the present energy of the Universe [12]. A 
particle that is absolutely stable, fairly massive, electrically neutral and having only very 
weak interactions is thus required [11]. The SM does not include any candidate particle to 
account for such a Dark Matter component. 

- In the SM, when calculating the radiative corrections to the Higgs boson mass squared, 
one encounters divergences quadratic in the cut-off scale A beyond which the theory ceases 
to be valid and New Physics should appear [13]. If we choose the cut-off A to be the GUT 
scale, the mass of the Higgs particle which is expected, for consistency reasons, to lie in the 
range of the electroweak symmetry breaking scale, v ~ 250 GeV, will prefer to be close to 
the very high scale unless an unnatural fine adjustment of parameters is performed. This 
is what is called the naturalness or fine-tuning problem [14]. A related issue, called the 
hierarchy problem, is why A 3> n, a question that has no satisfactory answer in the SM. 

Supersymmetry (SUSY), which predicts the existence of a partner to every known par- 
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tide which differs in spin by is widely considered as the most attractive extension of the 
Standard Model. Firstly, Supersymmetry has many theoretical virtues [15-18]: it is the first 
non-trivial extension of the Poincare group in quantum held theory, incorporates gravity if 
the Supersymmetry is made local and appears naturally in Superstrings theories. These fea¬ 
tures may help to reach the goal of elementary particle physics: the hnal theory of all known 
interactions, including gravity. However, the most compelling arguments for Supersymmetry 
are phenomenological ones. When they are realized at low energies [19,20], softly-broken 
SUSY theories can simultaneously solve all the three problems of the SM mentioned above: 

- The new SUSY particle spectrum contributes to the renormalization group evolution of 
the three gauge coupling constants and alters their slopes so that they meet [modulo a small 
discrepancy that can be accounted for by threshold contributions] at an energy scale slightly 
above 10^® GeV [9,21]. It happens that this value of Mqut is large enough to prevent a too 
fast decay of the proton, as is generally the case with the particle content of the SM when 
only the unihcation of the two electroweak couplings is required [22]. 

- In minimal supersymmetric extensions of the SM [19,20], one can introduce a dis¬ 
crete symmetry, called i?-parity [23], to enforce in a simple way lepton and baryon number 
conservation. A major consequence of this symmetry is that the lightest supersymmetric 
particle is absolutely stable. In most cases, this particle happens to be the lightest of the 
four neutralinos, which is massive, electrically neutral and weakly interacting. In large areas 
of the SUSY parameter space, the lightest neutralino can have the right cosmological relic 
density to account for the cold Dark Matter in the universe [24,25]. 

- The main reason for introducing low energy supersymmetric theories in particle physics 
was, in fact, their ability to solve the naturalness and hierarchy problems [26]. Indeed, the 
new symmetry prevents the Higgs boson mass from acquiring very large radiative corrections: 
the quadratic divergent loop contributions of the SM particles to the Higgs mass squared are 
exactly canceled by the corresponding loop contributions of their supersymmetric partners 
[in fact, if SUSY were an exact symmetry, there would be no radiative corrections to the 
Higgs boson mass at all]. This cancellation stabilizes the huge hierarchy between the GUT 
and electroweak scale and no extreme hne-tuning is required. 

However, SUSY is not an exact symmetry as the new predicted particles have not been 
experimentally observed, and thus have much larger masses than their SM partners in general 
[this is, in fact, needed for the three problems discussed above to be solved]. This SUSY 
breaking has several drawbacks as will be discussed later, but it has at least, one important 
virtue if it “soft” [27], that is, realized in a way which does not reintroduce the quadratic 
divergences to the Higgs mass squared. Indeed, soft SUSY-breaking allows one to understand 
the origin of the hierarchy between the GUT and electroweak scales and the origin of the 
breaking of the electroweak symmetry itself in terms of radiative gauge symmetry breaking 
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[28]. In the SM, the mass squared term of the scalar Higgs doublet held is assumed negative, 
leading to the “Mexican hat” shape of the scalar potential. The neutral component of the 
scalar held develops a non-zero vacuum expectation value that leads to the spontaneous 
breaking of the electroweak symmetry which generates the weak gauge boson and fermion 
masses. In softly broken Grand Unihed SUSY theories, the form of this scalar potential is 
derived: the mass squared term of the scalar held is positive at the high scale and turns 
negative at the electroweak scale as a consequence of the logarithmic renormalization group 
evolution in which particles with strong Yukawa couplings [such as the top quark and its 
SUSY partners] contribute. The logarithmic evolution explains the huge diherence between 
the GUT scale and the electroweak scale. Thus, electroweak symmetry breaking is more 
natural and elegant in SUSY-GUTs than in the SM. 

The MSSM and its Higgs sector 

The most economical low-energy globally supersymmetric extension of the SM is the Min¬ 
imal Supersymmetric Standard Model (MSSM) [19,20,29-33]. In this model, one assumes 
the minimal gauge group [i.e., the SM SU(3)c x SU(2)l x U(1)y symmetry], the minimal 
particle content [i.e., three generations of fermions without right-handed neutrinos and their 
spin-zero partners as well as two Higgs doublet superhelds to break the electroweak symme¬ 
try], and i?-parity conservation, which makes the lightest neutralino absolutely stable. In 
order to explicitly break SUSY, a collection of soft terms is added to the Lagrangian [27,34]: 
mass terms for the gauginos, mass terms for the scalar fermions, mass and bilinear terms for 
the Higgs bosons and trilinear couplings between sfermions and Higgs bosons. 

In the general case, if one allows for intergenerational mixing and complex phases, the 
soft SUSY-breaking terms will introduce a huge number of unknown parameters, (9(100) 
[35], in addition to the 19 parameters of the SM. However, in the absence of phases and 
intergenerational mixing and if the universality of hrst and second generation sfermions is 
assumed [to cope, in a simple way, with the severe experimental constraints], this number 
reduces to (9(20) free parameters [36]. Furthermore, if the soft SUSY-breaking parameters 
obey a set of boundary conditions at high energy scales [34], all potential phenomenological 
problems of the general MSSM can be solved with the bonus that, only a handful of new 
free parameters are present. These general and constrained MSSMs will be discussed in §1. 

The MSSM requires the existence of two isodoublets of complex scalar helds of opposite 
hypercharge to cancel chiral anomalies and to give masses separately to isospin up-type and 
down-type fermions [19,20,26]. Three of the original eight degrees of freedom of the scalar 
helds are absorbed by the and Z bosons to build their longitudinal polarizations and to 
acquire masses. The remaining degrees of freedom will correspond to hve scalar Higgs bosons. 
Two GP-even neutral Higgs bosons h and H, a pseudoscalar A boson and a pair of charged 
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scalar particles are, thus, introduced by this extension of the Higgs sector. Besides the 
four masses, two additional parameters define the properties of these particles at tree-level; 
a mixing angle a in the neutral CP-even sector and the ratio of the two vacuum expectation 
values tan/3, which from GUT restrictions is assumed in the range 1 < tan/3 < rrit/mb with 
the lower and upper ranges favored by Yukawa coupling unification. 

Supersymmetry leads to several relations among these parameters and only two of them, 
taken in general to be Ma and tan/3, are in fact independent. These relations impose a 
strong hierarchical structure on the mass spectrum, < Mz, Ma < and Mw < Mh±, 
which is, however, broken by radiative corrections [37]. The leading part of these radiative 
corrections grows as the fourth power of rrit and logarithmically with the common top squark 
masses Ms which sets the SUSY-breaking scale. The mixing or trilinear coupling in the stop 
sector At plays an important role in this context. These corrections are very large and, for 
instance, the upper bound on the mass of the lighter Higgs boson h is shifted from the 
tree-level value Mz to M^ ~ 140 GeV for large values of the parameter tan /3 and for values 
At ~ \/6Ms with Ms ~ 0(1 TeV). The masses of the heavier neutral and charged Higgs 
particles are expected to be in the range of the electroweak symmetry breaking scale. 

The phenomenology of the MSSM Higgs sector is much richer than the one of the SM with 
its single doublet scalar field and hence unique Higgs boson. The study of the properties 
of the MSSM scalar Higgs bosons and of those of the supersymmetric particles is one of 
the most active fields of elementary particle physics. The search for these new particles, 
and if they are discovered, the determination of their fundamental properties, is one of the 
major goals of high-energy colliders. In this context, the probing of the Higgs sector has a 
double importance since, at the same time, it provides the clue of the electroweak symmetry 
breaking mechanism and it sheds light on the SUSY-breaking mechanism. Moreover, while 
SUSY particles are allowed to be relatively heavy unless one invokes fine-tuning arguments 
to be discussed later, the existence of a light Higgs boson is a strict prediction of the MSSM 
and this particle should manifest itself at the next round of high-energy experiments. Since 
these experiments are starting rather soon, we are in a situation where either Supersymmetry 
with its Higgs sector is discovered or, in the absence of a light Higgs boson, the whole SUSY 
edifice, at least in the way it is presently viewed, collapses. 

Probing the MSSM Higgs sector: a brief survey of recent developments 

SUSY theories have been introduced in the mid-seventies, mostly for aesthetic reasons. 
In the early eighties, the most important phenomenological virtues of low energy SUSY 
realizations such as the MSSM, that is, the fact that they provide possible solutions to the 
hierarchy, gauge unihcation and Dark Matter problems, were acknowledged. A huge effort 
has been since then devoted to the investigation of the pattern of the soft SUSY-breaking 


Lagrangian and to the determination of the properties of the predicted new particles. 

For what concerns the MSSM Higgs sector, after the pioneering investigations of the late 
seventies and early eighties, the two Higgs donblet strnctnre of the model that obeys the 
SUSY constraints has been put into almost the shape that is known nowadays in a series 
of seminal papers written by Gunion and Haber [38-40] and shortly thereafter in the late 
eighties in The Higgs Hunter’s Guide [41]. In this book, the profile of the MSSM Higgs sector 
was extensively reviewed and the properties of the five Higgs particles described in detail. As 
in the case of the SM Higgs boson, the constraints from the experimental data available at 
that time and the prospects for discovering the Higgs particles at the upcoming high-energy 
experiments, the LEP, the SLC, the late SSC and the LHC, as well as at possible higher 
energy colliders, were analyzed and summarized. The review also guided theoretical 
and phenomenological studies of the MSSM Higgs sector as well as experimental searches 
performed over the last hfteen years. 

Since then, similarly to the SM Higgs case, a number of major developments took place. 
On the experimental front, the LEP experiment was completed without having discovered 
any fundamental scalar particle [42]. Nevertheless, the searches that have been performed 
in the clean environment of e’''e“ collisions allowed to set severe limits on the masses of the 
lighter h and A particles, Mh ~ Ma ^ Mz- Another important outcome of LEP is that the 
high-precision measurements [ 2 ] favor weakly interacting theories which incorporate light 
scalar Higgs particles and in which the other predicted new particles decouple from low 
energy physics, as is the case of the MSSM. Moreover, the top quark, which because it is 
so heavy, plays an extremely important role in the MSSM Higgs sector, was discovered at 
the Tevatron [43] and its mass measured [44]. In fact, if the top quark were not that heavy, 
the entire MSSM would have been ruled out from LEP2 searches as the lighter Higgs boson 
mass is predicted to be less than Mz at tree-level, that is, without the radiative corrections 
that are largely due to the heavy top quark and its scalar partners. 

Major developments occurred as well in the planning and design of high-energy colliders. 
The SSC was canceled, the energy and luminosity of the LHC were fixed to their known 
current values and the Tevatron was upgraded, its energy and luminosity raised to values al¬ 
lowing for the search of the MSSM Higgs particle beyond the reach of LEP. Furthermore, the 
path toward future high-energy electron-positron colliders, which are powerful instruments 
to search for the Higgs bosons and to study their properties, started to be more concrete [in 
particular since the recent recommendations of the panel for an International Linear Col¬ 
lider, ILC]. In addition, the option of searching for the Higgs bosons in the 77 option of 
future linear colliders as well as at future colliders became possible. 

However, it is on the phenomenological side that the most important developments took 
place. Soon after Ref. [41] was published, it was realized that the radiative corrections in 
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the MSSM Higgs sector play an extremely important role and alter in a significant way 
the properties of the Higgs particles. In the subsequent years and, still until recently, an 
impressive theoretical effort was devoted to the calculation of these radiative corrections. 
A vast literature also appeared on the precise determination of the decay and production 
properties of the MSSM Higgs particles, including radiative corrections as well. Furthermore, 
a large number of phenomenological and experimental analyses have been performed to assess 
to what extent the MSSM Higgs particles can be discovered and their properties studied at 
the upcoming machines, the Tevatron, the LHC, future linear colliders and other colliders. 
These studies cover many different issues as the MSSM Higgs sector is rather rich and has 
a very close connection to the SUSY particle sector. 

Objectives and limitations of the review 

In this second part of the review devoted to the study of the electroweak symmetry breaking 
mechanism, we will discuss in an extensive way the Higgs sector of the MSSM with a special 
focus on the developments which occurred in the last fifteen years. As already discussed in 
the introduction to the first part of the review [45], we believe that after the completion of 
LEP and in preparation of the challenges ahead, with the launch of the LHC about to take 
place [and the accumulation of enough data at the Tevatron], it would be useful to collect 
and summarize the large theoretical and experimental work carried out on the subject. 

In the present report, we will be concerned exclusively with the MSSM and its constrained 
versions. More precisely, besides the minimal gauge structure and i?-parity conservation, we 
assume the minimal particle content with only two Higgs doublets to break the electroweak 
symmetry. Extensions of the Higgs sector with additional singlets, doublets or higher repre¬ 
sentations for the Higgs fields will be discussed in a forthcoming report [46]. Furthermore, 
we assume a minimal set of soft SUSY-breaking parameters when considering the uncon¬ 
strained MSSM with the mass and coupling matrices being diagonal and real. The effects of 
CP-violating phases and intergenerational mixing will be thus also postponed to Ref. [46]. 
Finally, we assume [although this will have little impact on our study] that all SUSY and 
Higgs particles have masses not too far from the scale of electroweak symmetry, and thus 
we ignore models such as split-Supersymmetry [which, anyhow gives up one of the main 
motivations for low energy SUSY models: the resolution of the hierarchy problem]. 

Even in this restricted framework, the number of existing studies is extremely large 
and many important issues need to be addressed. As was already stated in Ref. [45], it 
is impossible to cover all aspects of the subject, and in many instances we had to make 
some difficult choices and privilege some aspects over others. Some of these choices are of 
course personal, although we tried to be guided by the needs of future experiments. We 
apologize in advance if some topics have been overlooked or not given enough consideration. 
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Complementary material on the foundations of SUSY and the MSSM, which will be discussed 
here only briefly, can be found in standard textbooks and general reviews [17,18, 29-33] 
and on the various calculations, theoretical studies and phenomenological analyses in many 
excellent reviews to be quoted in due time. For more detailed accounts on the detection of 
the MSSM Higgs particles at the various colliders, we will refer to specialized reviews and 
to the proceedings of the various workshops which were devoted to the subject. 

Synopsis of the review 

The report is organized as follows. We start the first chapter with a brief discussion of the 
hierarchy problem, which is our main motivation for low energy Supersymmetric theories, and 
sketch the basic features of SUSY and the unconstrained and constrained MSSMs; the SUSY 
particle spectrum and the constraints on the SUSY parameters will be briefly described. We 
will then discuss in detail the MSSM Higgs sector and derive the Higgs masses and couplings, 
including the important radiative corrections. A brief summary of the various regimes of 
the MSSM Higgs sector will be given. In a last section, we will discuss the theoretical and 
experimental constraints on the Higgs boson masses and couplings, in particular, the direct 
Higgs searches at LEP and the Tevatron and the indirect searches for the virtual effects of 
the Higgs bosons in high-precision observables. 

The second chapter is devoted to several phenomenological aspects of the MSSM Higgs 
sector. In the first section, the various decays of the neutral CP-even Higgs bosons, which 
follow closely those of the SM Higgs particle, and the decays of the CP-odd and charged 
Higgs bosons are presented and the new features, compared the SM case, highlighted. The 
total decay widths and the branching ratios are summarized in the various regimes of the 
MSSM, including all important ingredients such as the higher order decays and the radiative 
corrections. We then summarize, in this context, the main effects of relatively light SUSY 
particles either directly, when they appear as final states in the decay processes, or indirectly, 
when they alter the standard decay modes through loop contributions. A third section 
focuses on the decays of the heavy top quark into charged Higgs bosons and the various 
decays of SUSY particles into the neutral and charged Higgs bosons. In a last section, we will 
briefly discuss the important role played by the MSSM Higgs sector in the determination of 
the cosmological relic density and detection rates of the SUSY DM candidate, the neutralino. 

The production of the MSSM Higgs particles at hadron colliders is discussed in the third 
chapter. The most important production mechanisms of the neutral CP-even Higgs bosons 
follow qualitatively but not quantitatively those of the SM Higgs boson, while important 
differences arise in the case of the CP-odd Higgs boson and, obviously, new production 
mechanisms occur in the charged Higgs boson case. All the mechanisms, including higher 
orders channels which might provide valuable information, are discussed and their main 
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features summarized. We pay special attention to the new features and to the radiative 
corrections which have not been discussed in the SM case. The detection of the Higgs 
particles and the experimental determination of some important parameters at the Tevatron 
and the LHC are discussed in the various production and decay channels and in all possible 
MSSM regimes. A hnal section is devoted to the effects of light SUSY particles on the 
production cross sections and on the detection strategies. 

In the last chapter, we address the issue of producing and studying the MSSM Higgs 
particles at lepton colliders, mainly concentrating on machines in the energy range 

350-1000 GeV as planed for the ILC. We study the main production channels, which allow 
for the discovery of the MSSM Higgs particles, as well as several “subleading” processes 
which are very important for the determination of their fundamental properties, such as 
associated production with heavy fermions and Higgs pair production. The effects of ra¬ 
diative corrections and those of light SUSY particles are highlighted and the detection and 
precision tests which can be performed in the clean environment of these colliders presented. 
We then briefly summarize the additional information which can be obtained on the MSSM 
Higgs sector in s-channel neutral Higgs production at 77 and colliders, concentrating 

on the physics aspects that cannot be probed in a satisfactory way in the option. In 
a last section, we discuss the tests and consistency checks of the MSSM Higgs sector that 
can be achieved via the high-precision measurements to be performed at the lepton colliders 
in the various options and their complementarity with those performed at the LHC and in 
astroparticle experiments. 

In many cases, we heavily rely on the detailed material which has been presented for 
the SM Higgs boson in the hrst tome of this review. We consequently concentrate on the 
new features which appear in SUSY extensions and, in general, simply refer to the relevant 
sections of Ref. [45] for all the aspects which have been discussed for the SM Higgs boson 
and which can be readily adapted to the MSSM Higgs sector. We try to be as complete and 
comprehensive as possible, but with the limitations mentioned previously. We will update 
the analyses on the total Higgs decay widths, branching ratios and production cross sections 
at the Tevatron, the LHC and future e’''e“ colliders at various center of mass energies and 
present summary plots in which all the information that is currently available is included. 
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1 The Higgs sector of the MSSM 


1.1 Supersymmetry and the MSSM 

1.1.1 The hierarchy problem 


As is well known^, when calculating the radiative corrections to the SM Higgs boson mass, 
one encounters divergences which are quadratic in the cut-off scale A at which the theory 
stops to be valid and New Physics should appear. To summarize the problem, let us consider 
the one-loop contributions to the Higgs mass. Fig. 1.1a, of a fermion / with a repetition 
number Nf and a Yukawa coupling Xf = V^mj/v. Assuming for simplicity that the fermion 
is very heavy so that one can neglect the external Higgs momentum squared, one obtains [13] 




= N< 


\2 


-A' 


+ bm^log 


A 

rrif 


— 2m 


+ 0{i/K^ 


( 1 . 1 ) 


which shows the quadratically divergent behavior, AM]j cx A^. If we chose the cut-off scale 
A to be the GUT scale, Mqut ~ 10^® GeV, or the Planck scale, Mp ~ 10^® GeV, the Higgs 
boson mass which is supposed to lie in the range of the electroweak symmetry breaking 
scale, V ~ 250 GeV, will prefer to be close to the very high scale and thus, huge. For the SM 
Higgs boson to stay relatively light, at least Mp ^ 1 TeV for unitarity and perturbativity 
reasons, we need to add a counterterm to the mass squared and adjust it with a precision of 
(P(10“®°), which seems highly unnatural. This is what is called the naturalness or hne-tuning 
problem [14]. A related question, called the hierarchy problem, is why A ^ Mz- 

The problem can be seen as being due to the lack of a symmetry which protects 
against very high scales. In the case of fermions, chiral symmetry is a protection against 
large radiative corrections to their masses [and the breaking of chiral symmetry generates 
radiative corrections which are only logarithmically divergent], while local gauge symmetry 
protects the photons from acquiring a mass term. In the case of the Higgs boson, there is 
no such a symmetry. [Note that the divergence is independent of the Higgs mass and does 
not disappear if Mh=^'i this can be understood since the choice of a massless Higgs boson 
does not increase the symmetry of the SM]. 



Figure 1.1: Diagrams for the contributions of fermions and scalars to the Higgs boson mass. 
^Some aspects of this issue have been discussed in section 1.4.3 of the first part of this review: §1.1.4.3. 
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Let us now assume the existence of a number Ns of scalar particles with masses ms and 
with trilinear and quadrilinear couplings to the Higgs boson given, respectively, by vXs and 
Xs- They contribute to the Higgs boson self-energy via the two diagrams of Fig. 1.1b, which 
lead to a contribution to the Higgs boson mass squared 


AM| = 


XsNs 

Ibvr^ 


A^ + 2m^log( Ay 


XlNs 2 

IGtt^ 


1 + 21og(A'\ 

\msy 


+ 0 


( 1 . 2 ) 


Here again, the quadratic divergences are present. However, if we make the assumption that 
the Higgs couplings of the scalar particles are related to the Higgs-fermion couplings in such 
a way that = 2m‘j/v'^ = —Xs, and that the multiplicative factor for scalars is twice the 
one for fermions. Ns = 2Nf, we then obtain, once we add the two scalar and the fermionic 
contributions to the Higgs boson mass squared 


AMl = ^ 

^ 47r2 L 




mj — m: 


?)log 


+ Sm^log 
7715 / ■' 


ms \ 

mf) 


O 


1 


(1.3) 


As can be seen, the quadratic divergences have disappeared in the sum [26]. The logarithmic 
divergence is still present, but even for values A ~ Mp of the cut-off, the contribution is 
rather small. This logarithmic divergence disappears also if, in addition, we assume that the 
fermion and the two scalars have the same mass ms = mj. In fact, in this case, the total 
correction to the Higgs boson mass squared vanishes altogether. 


The conclusion of this exercise is that, if there are scalar particles with a symmetry 
which relates their couplings to the couplings of the standard fermions, there is no quadratic 
divergence to the Higgs boson mass: the hierarchy and naturalness problems are technically 
solved. If, in addition, there is an exact “supersymmetry”, which enforces that the scalar 
particle masses are equal to the fermion mass, there are no divergences at all since, then, 
even the logarithmic divergences disappear. The Higgs boson mass is thus protected by this 
“supersymmetry”. One can generalize the argument to include the contributions of the other 
particles of the SM in the radiative corrections to Mh'- by introducing fermionic partners 
to the W/Z and Higgs bosons, and by adjusting their couplings to the Higgs boson, all the 
quadratically divergent corrections to the Higgs boson mass are canceled. 


If this symmetry is badly broken and the masses of the scalar particles are much larger 
than the fermion and Higgs masses, the hierarchy and naturalness problems would be 
reintroduced again in the theory, since the radiative corrections to the Higgs mass, cx 
(m^ — m|)log(A/m 5 ), become large again and Mp will have the tendency to exceed the 
unitarity and perturbativity limit of 0{1 TeV). Therefore, to keep the Higgs mass in the 
range of the electroweak symmetry breaking scale, Mp = (9(100 GeV), we need the mass 
difference between the SM and the new particles to be rather small. For the radiative cor¬ 
rections to be of the same order as the tree-level Higgs boson mass, the new particles should 
not be much heavier than the TeV scale, ms,F = 0(1 TeV). 
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1.1.2 Basics of Supersymmetry 

Supersymmetry (SUSY) is a symmetry relating particles of integer spin, i.e. spin-0 and spin- 
1 bosons, and particles of spin i, i.e. fermions [we ignore, for the moment, the graviton and 
its partner]. In this subsection, we recall very briefly the basic features of Supersymmetry; 
for a more detailed discussion, see Refs. [17,18] for instance. 

The SUSY generators Q transform fermions into bosons and vice-versa 

QI Fermion) >= | Boson) , Q| Boson) = | Fermion) (1-4) 

When the symmetry is exact, the bosonic fields, i.e. the scalar and gauge fields of spin 0 and 
spin 1, respectively, and the fermionic fields of spin ^ have the same masses and quantum 
numbers, except for the spin. The particles are combined into superflelds and the simplest 
case is the chiral or scalar superfleld which contains a complex scalar held S with two degrees 
of freedom and a Weyl fermionic held with two components (. Another possibility is the 
vector superfleld containing [in the Wess-Zumino gauge] a massless gauge held A“, with a 
being the gauge index, and a Weyl fermionic held with two components Aq. 

All fields involved have the canonical kinetic energies given by the Lagrangian 

+ *£>,.7'^.} + (1-5) 

i a 

with the usual gauge covariant derivative, the held strengths, cti, 2 , 3 , —o'o the 2x2 
Pauli and unit matrices. Note that the fields -0 and A have, respectively, four and two 
components. The interactions among the fields are specified by SUSY and gauge invariance 

■^int. seal—fer.—gauginos 
T^int. quarticscal. 

with T“ and ga being the generators and coupling constants of the corresponding groups. At 
this stage, all interactions are given in terms of the gauge coupling constants. Thus, when 
SUSY is exact, everything is completely specified and there is no new adjustable parameter. 

The only freedom that one has is the choice of the superpotential W which gives the 
form of the scalar potential and the Yukawa interactions between fermion and scalar fields. 
However, the superpotential should be invariant under SUSY and gauge transformations and 
it should obey the following three conditions: 

i) it must be a function of the superflelds Zi only and not their conjugate z *; 
ii) it should be an analytic function and therefore, it has no derivative interaction; 


-v^^jJs*r“fcA„ + h.c. 




( 1 , 6 ) 

(1,7) 
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Hi) it should have only terms of dimension 2 and 3 to keep the theory renormalizable. 
In terms of the superpotential W, the interaction Lagrangian may be written as 



i 


dW 2 
dzi 


1 

2 




d‘^W 

dzidzj 


ifjj + h.c. 


( 1 . 8 ) 


where, to obtain the interactions explicitly, one has to take the derivative of W with respect 
to the helds Zi, and then evaluate in terms of the scalar helds Si. 

The supersymmetric part of the tree-level scalar potential Idree is the sum of the so-called 
F- and D-terms, where the F-terms [47] come from the superpotential through derivatives 
with respect to all scalar helds Si 


VF = '^\Wf with = dW/dSi (1.9) 

i 

and the D-terms [48] corresponding to the U(1)y, SU(2)l and SU(3)c introduced earlier 

^ a=l \ i ) 

Nevertheless, SUSY cannot be an exact symmetry since there are no fundamental scalar 
particles having the same mass as the known fermions [in fact, no fundamental scalar has 
been observed at all]. Therefore, SUSY must be broken. However, we need the SUSY- 
breaking to occur in a way such that the supersymmetric particles are not too heavy as to 
reintroduce the hierarchy problem and, as discussed in the preamble, to solve the two other 
problems that we have within the Standard Model, namely: the slope of the evolution of 
the three gauge couplings has to be modihed early enough by the sparticle contributions to 
achieve unihcation, and the Dark Matter problem calls for the existence of a new stable, 
neutral and weakly interacting particle that is not too heavy in order to have the required 
cosmological relic density. 

In the breaking of Supersymmetry, we obviously need to preserve the gauge invariance 
and the renormalizability of the theory and, also, the fact that there are still no quadratic 
divergences in the Higgs boson mass squared. Since up to now there is no completely 
satisfactory dynamical way to break SUSY [although many options have been discussed in 
the literature], a possibility is to introduce by hand terms that break SUSY explicitly and 
parametrize our ignorance of the fundamental SUSY-breaking mechanism. This gives a low 
energy effective SUSY theory, the most economic version being the Minimal Supersymmetric 
Standard Model (MSSM) [19] and [20,26] that we will discuss in the next subsections and the 
subsequent ones. The detailed discussion of the Higgs sector of the MSSM will be postponed 
to §1.2 and the subsequent sections. 
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1.1.3 The Minimal Supersymmetric Standard Model 

The unconstrained MSSM is defined by the following four basic assumptions [18,29-32]: 

(a) Minimal gauge group: The MSSM is based on the group SU(3)c x SU(2)l x U(1)y, 
i.e. the SM gauge symmetry. SUSY implies then that the spin-1 gauge bosons and their 
spin-| partners, the gauginos [the bino B, the three winos lUi _3 and the eight gluinos Gi_8 
corresponding to the gauge bosons of U(l), SU(2) and SU(3), respectively], are in vector 
supermultiplets; Table 1.1. 


Superfields 

SUi3)c 

SUi2)L 

U(.1)y 

Particle content 

Ga 

8 

1 

0 

G^a, Ga 

Wa 

1 

3 

0 

wa, Wa 

B 

1 

1 

0 

B 


Table 1.1: The superpartners of the gauge bosons in the MSSM and their guantum numbers. 

(b) Minimal particle content: There are only three generations of spin-i quarks and 
leptons [no right-handed neutrino] as in the SM. The left- and right-handed fields belong 
to chiral superfields together with their spin-0 SUSY partners, the squarks and sleptons: 
Q,Ur, Dr, L, Eji. In addition, two chiral superfields Hi,H 2 with respective hypercharges 
— 1 and +1 are needed for the cancellation of chiral anomalies [19,20,26]. Their scalar 
components. Hi and H 2 , give separately masses to the isospin — ^ and +| fermions in a 
SUSY invariant way [recall that the SUSY potential should not involve conjugate fields and 
we cannot generate with the same doublet the masses of both types of fermions]. The various 
fields are summarized in Table 1.2. As will be discussed later, the two doublet fields lead to 
five Higgs particles: two CP-even h, H bosons, a pseudoscalar A boson and two charged 
bosons. Their spin-i superpartners, the higgsinos, will mix with the winos and the bino, to 
give the “ino” mass eigenstates: the two charginos xf ,2 the four neutralinos 2,3,4- 


Superfield 

SU{3)c 

SU{2)l 

U(1)y 

Particle content 

Q 

3 

2 

1 

3 

{ul, di), {uit di) 


3 

1 

4 

3 



3 

1 

2 

3 

dn, d*^ 

L 

1 

2 

- 1 

{ulHl), {hr, Cl) 


1 

1 

2 

^Ri 

Hi 

1 

2 

-1 

Hi, Hi 

H 2 

1 

2 

1 

H2,H2 


Table 1.2: The superpartners of the fermions and Higgs bosons in the MSSM. 
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(c) Minimal Yukawa interactions and R—parity conservation: To enforce lepton and 
baryon number conservation in a simple way, a discrete and multiplicative symmetry called 
R-parity is imposed [23]. It is defined by 

Rp = (_l)2s+3S+i 

where L and B are the lepton and baryon numbers and s is the spin quantum number. The 
R-parity quantum numbers are then Rp = +1 for the ordinary particles [fermions, gauge 
bosons and Higgs bosons], and Rp = —1 for their supersymmetric partners. In practice, 
the conservation of i?-parity has the important consequences that the SUSY particles are 
always produced in pairs, in their decay products there is always an odd number of SUSY 
particles, and the lightest SUSY particle (LSP) is absolutely stable. 

[The three conditions listed above are sufficient to completely determine a globally su¬ 
persymmetric Lagrangian. The kinetic part of the Lagrangian is obtained by generalizing 
the notion of covariant derivative to the SUSY case. The most general superpotential, com¬ 
patible with gauge invariance, renormalizability and i?-parity conservation is written as 

-Y^^URA-Qj + Yf^dniHrQj + Yf.lR,HrL^+liH2-H, ( 1 . 12 ) 

i,j=gen 

The product between SU(2 )l doublets reads H ■ Q = eabH'^Q^ where a, h are SU(2 )l indices 
and ei 2 = 1 = —£ 21 , and denote the Yukawa couplings among generations. The first 

three terms in the previous expression are nothing else but a superspace generalization of 
the Yukawa interaction in the SM, while the last term is a globally supersymmetric Higgs 
mass term. From the superpotential above, one can then write explicitly the F terms of the 
tree level potential Uree-] 


(d) Minimal set of soft SUSY—breaking terms: Finally, to break Supersymmetry while 
preventing the reappearance of the quadratic divergences, the so-called soft SUSY-breaking, 
one adds to the Lagrangian a set of terms which explicitly break SUSY [27,34]. 


Mass terms for the gluinos, winos and binos: 

3 


£ 


gaugino 


MiRR + MaJ^lU^lUa + MsJ^G^Ga + h.c 


a=l 


a=l 


(1,13) 


• Mass terms for the scalar fermions: 

- >^^sfermions = 

i=gen 
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• Mass and bilinear terms for the Higgs bosons: 


^Higgs ^ + h.c.] 


(1.15) 


Trilinear couplings between sfermions and Higgs bosons 

^ k".yi”ij,ft-4 + 4y.p\//i-4 + 4y;'4ffr4 + h.c.](i.i6) 


i,j=gen 

The soft SUSY-breaking scalar potential is the sum of the three last terms: 

hsoft -^sfermions -^Higgs -^tril. 


(1.17) 


Up to now, no constraint is applied to this Lagrangian, although for generic values of the 
parameters, it might lead to severe phenomenological problems [49], such as flavor changing 
neutral currents (FCNC), an unacceptable amount of additional CP-violation, color and 
charge breaking minima (CCB), etc... The MSSM dehned by the four hypotheses (a)~(d) 
above, is generally called the unconstrained MSSM. 


1.1.4 The unconstrained and constrained MSSMs 

In the unconstrained MSSM, and in the general case where one allows for intergenerational 
mixing and complex phases, the soft SUSY-breaking terms will introduce a huge number 
(105) of unknown parameters, in addition to the 19 parameters of the SM [35]. This large 
number of parameters makes any phenomenological analysis in the MSSM very complicated. 
In addition, many “generic” sets of these parameters are excluded by the severe phenomeno¬ 
logical constraints discussed above. A phenomenologically more viable MSSM can be dehned, 
for instance, by making the following assumptions: {i) All the soft SUSY-breaking parame¬ 
ters are real and therefore there is no new source of CP-violation generated, in addition to 
the one from the CKM matrix; (ii) the matrices for the sfermion masses and for the trilinear 
couplings are all diagonal, implying the absence of FCNCs at the tree-level; {in) the soft 
SUSY-breaking masses and trilinear couplings of the hrst and second sfermion generations 
are the same at low energy to cope with the severe constraints from mixing, etc. 

Making these three assumptions will lead to only 22 input parameters: 

tan/?: the ratio of the vevs of the two-Higgs doublet helds; 

: the Higgs mass parameters squared; 

Ml, M 2 , M 3 : the bino, wino and gluino mass parameters; 

mp me^: the hrst/second generation sfermion mass parameters; 
the hrst/second generation trilinear couplings; 

ttIq, the third generation sfermion mass parameters; 

At, Af,, At--, the third generation trilinear couplings. 
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Two remarks can be made at this stage: {i) The Higgs-higgsino (supersymmetric) mass 
parameter |/i| (up to a sign) and the soft SUSY-breaking bilinear Higgs term B are de¬ 
termined, given the above parameters, through the electroweak symmetry breaking condi¬ 
tions [20,28,50,51] as will be discussed later. Alternatively, one can trade the values of 
and with the “more physical” pseudoscalar Higgs boson mass Ma and parameter p. 
{ii) Since the trilinear sfermion couplings will be always multiplied by the fermion masses, 
they are in general important only in the case of the third generation; there are, however, a 
few exceptions such as the electric and magnetic dipole moments for instance. 

Such a model, with this relatively moderate number of parameters has much more pre¬ 
dictability and is much easier to investigate phenomenologically, compared to the uncon¬ 
strained MSSM, given the fact that in general only a small subset appears when one looks 
at a given sector of the model. One can refer to this 22 free input parameters model as the 
“phenomenological” MSSM or pMSSM [36]. 

Almost all problems of the general or unconstrained MSSM are solved at once if the soft 
SUSY-breaking parameters obey a set of universal boundary conditions at the GUT scale. 
If one takes these parameters to be real, this solves all potential problems with CP violation 
as well. The underlying assumption is that SUSY-breaking occurs in a hidden sector which 
communicates with the visible sector only through gravitational-strength interactions, as 
specified by Supergravity. Universal soft breaking terms then emerge if these Supergravity 
interactions are “flavor-blind” [like ordinary gravitational interactions]. This is assumed to 
be the case in the constrained MSSM or minimal Supergravity (mSUGRA) model [34,52]. 

Besides the unification of the gauge coupling constants gi, 2,3 which is verified given the 
experimental results from LEPl [9] and which can be viewed as hxing the Grand Unihcation 
scale. Mu ~ 2 ■ 10^® GeV, the unihcation conditions in mSUGRA, are as follows [34]. 

- Unihcation of the gaugino [bino, wino and gluino] masses: 

Mi{Mu) = M2{Mu) = M^{Mu) = Tni/2 (1-18) 

- Universal scalar [i.e. sfermion and Higgs boson] masses [i is the generation index]: 

= rriu^^Mu) = m^^,{Mu) = mi.{Mu) = m^^.{Mu) 

= mH^{Mu) = mu^iMu) = mo (1.19) 

- Universal trilinear couplings: 

Al(Mu) = A%(Mu) = A‘^{Mu) = Aa hj (1.20) 

Besides the three parameters mi/ 2 , mg and Aq, the supersymmetric sector is described at 
the GUT scale by the bilinear coupling B and the supersymmetric Higgs(ino) mass parameter 
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yU. However, one has to require that EWSB takes place at some low energy scale. This results 
in two necessary minimization conditions of the two-Higgs doublet scalar potential which 
fix the values /i^ and Bfi with the sign of /i not determined. Therefore, in this model, one is 
left with only four continuous free parameters, and an unknown sign 

tan/3 , mi /2 , mo , Aq , sign(/i) (1.21) 

All soft SUSY-breaking parameters at the weak scale are then obtained via RGEs [20,53,54]. 

There also other constrained MSSM scenarios and we briefly mention two of them, the 
anomaly and gauge mediated SUSY-breaking models. 

In anomaly mediated SUSY-breaking (AMSB) models [55,56], SUSY-breaking occurs 
also in a hidden sector, but it is transmitted to the visible sector by the super-Weyl anomaly. 
The gaugino masses, the scalar masses and the trilinear couplings are then simply related to 
the scale dependence of the gauge and matter kinetic functions. This leads to soft SUSY- 
breaking scalar masses for the hrst two generation sfermions that are almost diagonal [when 
the small Yukawa couplings are neglected] which solves the SUSY flavor problem which affects 
general SUGRA models for instance. In these models, the soft SUSY-breaking parameters 
are given in terms of the gravitino mass 777 , 3 / 2 , the jS functions for the gauge and Yukawa 
couplings Qa and Yj, and the anomalous dimensions 7 * of the chiral superfields. One then 
has, in principle, only three input parameters 7773 / 2 , tan/3 and sign(/ 7 ) [jj? and B are obtained 
as usual by requiring correct EWSB]. However, this picture is spoiled by the fact that 
the anomaly mediated contribution to the slepton scalar masses squared is negative. This 
problem can be cured by adding a positive non-anomaly mediated contribution to the soft 
masses, an tttq term at Mqut, as in mSUGRA models. 

In gauge mediated SUSY-breaking (GMSB) models [57-59], SUSY-breaking is trans¬ 
mitted to the MSSM helds via the SM gauge interactions. In the original scenario, the 
model consists of three distinct sectors: a secluded sector where SUSY is broken, a “mes¬ 
senger” sector containing a singlet field and messenger fields with SU(3)c x SU(2)l x U(1)y 
quantum numbers, and a sector containing the helds of the MSSM. Another possibility, 
the so-called “direct gauge mediation” has only two sectors: one which is responsible for 
the SUSY-breaking and contains the messenger helds, and another sector consisting of the 
MSSM helds. In both cases, the soft SUSY-breaking masses for the gauginos and squared 
masses for the sfermions arise, respectively, from one-loop and two-loop diagrams involving 
the exchange of the messenger helds, while the trilinear Higgs-sfermion-sfermion couplings 
can be taken to be negligibly small at the messenger scale since they are [and not their 
square as for the sfermion masses] generated by two-loop gauge interactions. This allows an 
automatic and natural suppression of FGNG and GP-violation. In this model, the LSP is 
the gravitino which can have a mass below 1 eV. 
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1.1.5 The supersymmetric particle spectrum 

Let us now discuss the general features of the chargino/neutralino and sfermion sectors of 
the MSSM. The Higgs sector will be discussed in much more detail later. 


The chargino/neutralino/gluino sector 

The general chargino mass matrix, in terms of the wino mass parameter M 2 , the higgsino 
mass parameter /i and the ratio of vevs tan/3, is given by [30,38] 


Mc = 


M 2 y/2M-\YS0 
'>/2M-\yC0 /i 


( 1 . 22 ) 


where we use = sin /3, = cos f3 etc. It is diagonalized by two real matrices U and V, 


UMcV-^ U = 0. and V 


0 + if detM-c > 0 

(73 (9+ if deiM-c < 0 


(1.23) 


where is the Pauli matrix to make the chargino masses positive and 0± are rotation 
matrices with angles given by 


tan20_ = 


2\/2Mw{M2Ci3 + /XS/ 3 ) 
M| - /i2 - 2M‘^C0 

This leads to the two chargino masses 
1 


, tan 26*+ = 


2y/2Mw{M2S j3 + fic^) 

Ml - + 2M^cp 


(1.24) 


^^^2 ~ 2 + /^^ + 2M^ =p [(^2 ~ /^^)^ + ^^wi^w^2i3 + ^2 + + 2M2P.S2/3)] ^ |(1.25) 

In the limit |/i| ^ M 2 , Mw, the masses of the two charginos reduce to 


m^± ~ M2 - ^ (M2 +/iS 2 / 3 ) , m^± ~ |/i| + M^/i (M2S2/3 + h) ( 1 - 26 ) 


where is for the sign of /i. For |/i| —> 00 , the lightest chargino corresponds to a pure wino 
with a mass m ± ~ M 2 , while the heavier chargino corresponds to a pure higgsino with a 
mass m^± = |/i|. In the opposite limit, M 2 ^ |/i|, Mz, the roles of xf and yf are reversed. 

In the case of the neutralinos, the four-dimensional mass matrix depends on the same 
two mass parameters /i and M 2 , as well as on tan/3 and Mi [if the latter is not related to 
M 2 as in constrained models]. In the {—iB, Hi) basis, it has the form [30,38] 


Mn = 


Ml 

0 

—MzSwCfs 

MzSwSfs 


0 

M 2 

MzCwCp 

—MzCwSp 


—MzSwCp 

MzCwCp 

0 

-/i 


MzSwSfj 

—MzCwSjB 

-h 

0 


(1.27) 
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It can be diagonalized analytically [60] by a single real matrix Z. The expressions of the 
matrix elements Zi^ with i, j = 1, ..,4 as well as the resulting masses m^o are rather involved. 
In the limit of large |/i| values, |/i| 3> Mi 2 ^ Mz, they however simplify to [61] 


m^o ~ Ml- Y (^1 + Sw 

M^ 

m^o ~ M 2 - Y (^2 + hS2/3) 

h 

1 M^ 

"^x^/4 - Ihl + (/i±M2S^TMic^) (1.28) 

where is the sign of /i. Again, for |/i| —> 00, two neutralinos are pure gaugino 

states with masses m^o ~ Mi and m^o = M2, while the two other neutralinos are pure 
higgsinos with masses m^o ~ m^o ~ |/i|. In the opposite limit, the roles are again reversed 
and one has instead, ~ ~ \fi\,my^o ~ Mi and m^o ~ M2. 

Finally, the gluino mass is identihed with M3 at the tree-level 


m-g = M3 


(1.29) 


In constrained models with boundary conditions at the high energy scale Mjj, the evolu¬ 
tion of the gaugino masses are given by the RGBs [53] 


dMi 

dlog(Mu/g2) 


167r2 * ’ 



b2 


1,^3 =-3 


(1.30) 


where in the coefhcients bi we have assumed that all the MSSM particle spectrum contributes 
to the evolution from Q to the high scale Mu. These equations are in fact related to those of 
the SU(3)c X SU(2)l x U(1)y gauge coupling constants ai = gf/{4:7i), where with the input 
gauge coupling constants at the scale of the Z boson mass, ai{Mz) — 0.016, ck 2(M^) ~ 0.033 
and a‘i{Mz) — 0.118, one has Mjj ~ 1.9 x 10^® GeV for the GUT scale and au — 0.041 for 
the common coupling constant at this scale. Choosing a common value mi/2 at the scale 
Mf/, one then obtains for the gaugino mass parameters at the weak scale 


M3 : M2 : Ml ~ 013 : 012 : tti ~ 6 : 2 : 1 


(1.31) 


Note that in the electroweak sector, we have taken into account the GUT normalization 
factor I in ai. In fact, for a common gaugino mass at the scale Mu, the bino and wino 
masses are related by the well known formula. Mi = |tan^0iyM2 ~ |M2, at low scales. 

The sfermion sector 

The sfermion system is described, in addition to tan/3 and /i, by three parameters for each 
sfermion species: the left- and right-handed soft SUSY-breaking scalar masses and 
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and the trilinear couplings Af. In the case of the third generation scalar fermions 
[throughout this review, we will assume that the masses of the hrst and second generation 
fermions are zero, as far as the SUSY sector is concerned] the mixing between left- and 
right-handed sfermions, which is proportional to the mass of the partner fermion, must be 
included [62]. The sfermion mass matrices read 



mj + ml^ ruf Xf 
rrif Xf mj + 


with the various entries given by 


^LL = - QfSw) Ml C2/3 

^RR = + QfSw Ml C2/3 

Xf = Af — 


(1.32) 


(1.33) 


They are diagonalized by 2 x 2 rotation matrices of angle 6 f, which turn the current eigen¬ 
states fi and fn into the mass eigenstates /i and /2 


R^~ 


COf SQj 

-se^ cej 


cq^ = COS Of and sq^ = sin Of 


(1.34) 


The mixing angle and sfermion masses are then given by 



S2ef 


2 2 

m - — m- 

ji h 


m 


C2ef - 


LL 


m 


RR 


m 




m 


f2 


mf + - 


mlh + rriRR T 



+ 4:mjXj 


(1.35) 

(1.36) 


The mixing is very strong in the stop sector for large values of the parameter Xt = At—^ cot jS 
and generates a mass splitting between the two mass eigenstates which makes the state ti 
much lighter than the other squarks and possibly even lighter than the top quark itself. For 
large values of tan/3 and |p|, the mixing in the sbottom and stau sectors can also be very 
strong, Xh^T = Ab^T — fi tan /3, leading to lighter hi and fi states. 

Note that in the case of degenerate sfermion soft SUSY-breaking masses, rriLL ~ 'mRR, 
that we will often consider in this review, in most of the MSSM parameter space the sfermion 
mixing angle is either close to zero [no mixing] or to — | [maximal mixing] for respectively, 
small and large values of the off-diagonal entry rufXf of the sfermion mass matrix. One 
then has 820 ^ ~ 0 and |s20j^| ~ 1 for the no mixing and maximal mixing cases, respectively. 

In constrained models such as mSUGRA for instance, assuming universal scalar masses 
rriQ and gaugino masses mi/2 at the GUT scale, one obtains relatively simple expressions 
for the left- and right-handed soft masses when performing the RGE evolution to the weak 
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scale at one-loop if the Yukawa couplings are neglected. This approximation is rather good 
for the two hrst generations and one has [53] 


3 

^}l,r = "^0 + , Fi 

i=l 


CiU) 

h 


1 




-2 


(1.37) 


with au = gf{Mu)/A7i, the coefficients bi have been given before and the coefficients c(/) = 
(ci, C2, C3 )(/) depend on the isospin, hypercharge and color of the sfermions 



/ - \ 

10 


(i) 


(ii\ 


15 


15 


c{L) = 

3 

2 

, c{Ir) = 

0 

, c(Q) = 

3 

2 

, c{ur) = 

0 

, c(d/j) = 

0 

(1.38) 


V 0 y 


V 0 J 


V 1 ^ 


V 1 J 


V 1 / 



With the input gauge coupling constants at Mz as measured at LEPl and their derived value 
au — 0.041 at the GUT scale Mu, one obtains approximately for the left- and right-handed 
sfermions mass parameters [31] 


m? ~ ttTq + 6m^/2 ) ~ + 0.52m^/2 ) ~ ttIq + 0.15m^^2 (1.39) 

For third generation squarks, neglecting the Yukawa couplings in the RGBs is a poor ap¬ 
proximation since they can be very large, in particular in the top squark case. Including 
these couplings, an approximate solution of the RGBs in the small tan jS regime, is given by 

1 2 
~ “ 3^* ’ ~ "^0 + 6m?/2 --Yi (1.40) 

with Xt ~ 1.3mQ -|- [31]. This shows that, in contrast to the hrst two generations, one 

has generically a sizable splitting between and at the electroweak scale, due to the 
running of the large top Yukawa coupling. This justihes the choice of different soft SUSY- 
breaking scalar masses and trilinear couplings for the third generation and the hrst/second 
generation sfermions [as well as for slepton and squark masses, see eq. (inni)]. 


1.1.6 The fermion masses in the MSSM 

Since the fermion masses play an important role in Higgs physics, and in the MSSM also in 
the SUSY sector where they provide one of the main inputs in the RGBs and in sfermion 
mixing, it is important to include the radiative corrections to these parameters [63-70]. 
For instance, to absorb the bulk of the higher-order corrections, the fermion masses to be 
used in the sfermion matrices eq. should be the running masses [63,64] at the SUSY 

scale. [Note that also the soft SUSY-breaking scalar masses and trilinear couplings should 
be running parameters [70] evaluated at the SUSY or electroweak symmetry breaking scale.] 
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For quarks, the first important corrections to be included are those due to standard QCD 
and the running from the scale mg to the high scale Q. The relations between the pole quark 
masses and the running masses dehned at the scale of the pole masses, mg (mg), have been 
discussed in the MS scheme in §1.1.1.4 of part 1. However, in the MSSM [and particularly in 
constrained models such as mSUGRA for instance] one usually uses the modihed Dimensional 
Reduction DR scheme [71] which, contrary to the MS scheme, preserves Supersymmetry [by 
suitable counterterms, one can however switch from a scheme to another; see Ref. [72]]. The 
relation between the DR and MS running quark masses at a given scale /i reads [73] 





3^r ~ 


( 1 . 41 ) 


where the strong coupling constant ag is also evaluated at the scale p, but dehned in the 
MS scheme instead; the coefficient of the second order term in is /c;, ~ | and fci ~ 1 for 
bottom and top quarks, and additional but small electroweak contributions are present^. 

In addition, one has to include the SUSY-QCD corrections which, at hrst order, consist 
of squark/gluino loops. In fact, electroweak SUSY radiative corrections are also important 
in this context and in particular, large contributions can be generated by loops involv¬ 
ing chargino/neutralino and stop/sbottom states, the involved couplings being potentially 
strong. In the case of b quarks, the dominant sbottom/gluino and stop/chargino one-loop 
corrections can be written as [69] 


Anib 

mb 


Oig 

Stt 


mb 


-S2e^—\Bo{mb, m-g, - Bo{mb, m-g, m^^' 


Bi{mb,mg,mi^] 


+ Bi{mb,mg,mz) - 


a 


mtn 


Stts^ M^sin2/3 


S2et [Bo{mb, /i, - Bo{mb, p, m^J] 


a 


4:7rsl 


w L 


M2/it_^ Ms, rUi-J + sl^Bo{mb, Ma, mj-j) + (p ^ Ma) 




(1.42) 


where the hnite parts of the Passarino-Veltman two-point functions [74] are given by 


Bo{q‘^,mi,m2) 

Ri(g^mi,ma) 




log(l — x+) — a:+log(l — x_^_ ) — log(l — x_) — a:_log(l — x_ ) 


1 


ml ( 1 


log 


mr 




ml ( 1 


log 


m. 




+ {q'^ -ml + ml)Bo{q'^, mi, m2) 


(1.43) 


^Since the difference between the quark masses in the two schemes is not very large, Amg/mg ~ 1%, to 
be compared with an experimental error of the order of 2% for rribirnb) for instance, it is common practice 
to neglect this difference, at least in unconstrained SUSY models where one does not evolve the parameters 
up to the GUT scale. 
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with jj? denoting the renormalization scale and 





+ m\ ± \J — m\ + m\Y — 4:q^{m\ 



(1.44) 


In the limit where the 6-quark mass is neglected and only the large correction terms are 
incorporated, one can use the approximate expression [67,68] 


Arrtft 

rUb 


= Afo ~ 


Svr 








tan f3 


( 1 . 45 ) 


with Xt = \/2mt/iy mi (3) [and \b 


y/2mb/{v cos (3)] and the function I is given by 


I{x,y,z) 


xy \og{x/y) + yx \og{y/z) + zx \og{z/x) 
{x - y){y - z){z - x) 


(1.46) 


and is of order l/max(x, ?/, z). This correction is thus very important in the case of large 
values of tan/3 and /i, and can increase or decrease [depending of the sign of /i] the b- 
quark mass by more than a factor of two. To take into account these large corrections, a 
“resummation” procedure is required [68] and the DR running 6-quark mass evaluated at 
the scale Q = Mz can be dehned in the following way 


fhb = mb{Mz)^sM = (1-47) 

It has been shown in Ref. [68] that dehning the running MSSM bottom mass as in eq. (I1.47|l 
guarantees that the large threshold corrections of C>(astan/3)" are included in fhb to all 
orders in the perturbative expansion. 

In the case of the top quark mass, the QCD corrections are the same as for the 6-quark 
mass discussed above, but the additional electroweak corrections due to stop/neutralino and 
sbottom/chargino loops are different and enhanced by Aty or jj? terms [69] 


Amt 

rat 


= A* ~ 


2q;^ 

Stt 


mgAtI{m],m\ m] ) 


\2 


2 T / 2 2 2 \ 


(1.48) 


For the r lepton mass, the only relevant corrections are the electroweak corrections stemming 
from chargino-sneutrino and neutralino-stau loops but they are very small [67,69] 


Am-r 

mr 


= A.r — 


a 

Air 


Mi/i 




-w 


M2y 


’w 


I {Mi,ml, 


tan /3 


(1.49) 


These SUSY particle threshold corrections will alter the relations between the masses of the 
fermions and their Yukawa couplings in a signihcant way. This will be discussed in some 
detail at a later stage. 
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1.1.7 Constraints on the MSSM parameters and sparticle masses 


As discussed in the beginning of this subsection, the SUSY particle masses and, thus, the soft 
SUSY-breaking parameters at the weak scale, should not be too large in order to keep the 
radiative corrections to the Higgs masses under control. In other words, one has to require 
low values for the weak-scale parameters to avoid the need for excessive hne-tuning [75] in 
the electroweak symmetry breaking conditions to be discussed later. One thus imposes a 
bound on the SUSY scale that we dehne as the geometrical average of the two stop masses 


Ms = ^/n^Jnh < 2 TeV 


(1.50) 


However, it is important to bear in mind that, in the absence of a compelling criterion to 
dehne the maximal acceptable amount of hne-tuning, the choice of the upper bound on Ms 
is somewhat subjective. Note also that in some cases the SUSY scale will be taken as the 
arithmetic average of the stop masses, Ms = in the case of equal stop masses, 

the two dehnitions coincide. If in addition the mixing parameter Xt is not large, one can 
approximately write Ms — 

As we will see later, the trilinear couplings of the third generation sfermions and in 
particular the stop trilinear coupling At, will play a particularly important role in the MSSM 
Higgs sector. This parameter can be constrained in at least two ways, besides the trivial 
requirement that it should not make the oh-diagonal term of the sfermion mass matrices 
too large to generate too low, or even tachyonic, masses for the sfermions: 

{i) At should not be too large to avoid the occurrence of charge and color breaking (CCB) 
minima in the Higgs potential [76]. For the unconstrained MSSM, a rather stringent CCB 
constraint on this parameter, to be valid at the electroweak scale, reads [77] 


-4? S 3(m;^ + + mj,^) 


(1.51) 


(ii) Large values of At lead to a large splitting of the top squark masses and the breaking of 
the custodial SU(2) symmetry, generating potentially large contributions to the p parameter 
[78,79] that are proportional to differences of squark masses squared. Neglecting the mixing 
in the sbottom sector for simplicity, the contribution of the {i, h) doublet to Ap reads [80,81] 


Ap(f, h) = 


8772^2 


4 fi^l^^l) + f - 4 4,f {ml , m| ) 


(1.52) 


where f{x, y) = x + y — 2xy/{x — y) \og{x/y) with f{x, x) = 1 and f{x, 0) = x [the two-loop 
QCD corrections to this relation [82] induce a 30% increase of the contribution]. Note that 
if the requirement Ap(t, b) < 0(10“^) is made to cope with the high-precision electroweak 
data [2], the constraint for Ap supersedes sometimes the CCB constraint eq. (11.511) . 







Finally, there are lower bounds on the masses of the various sparticles from the negative 
searches for SUSY performed in the last decade at LEP and at the Tevatron. A brief 
summary of these experimental bounds is as follows [1,83] 


LEP2 searches 


Tevatron searches 


m + > 104 GeV 

Xi 

> 100 GeV for f = (bi) 

rrig > 300 GeV 

rriq > 300 GeV for q = u,d, s, c, (6) 


(1.53) 


Although rather robust, these bounds might not hold in some regions of the MSSM parameter 
space. For instance, the lower bound on the lightest chargino mass m^± is (P(10 GeV) lower 
than the one quoted above when the lightest chargino is higgsino like and thus degenerate in 
mass with the LSP neutralino; in this case, the missing energy due to the escaping neutralino 
is rather small, leading to larger backgrounds. When the mass difference is so small that 
the chargino is long-lived, one can perform searches for almost stable charged particles 
[another possibility is to look for ISR photons] but the obtained mass bound is smaller than 
in eq. (|1.53|) . For the same reason, the experimental bound on the lightest r slepton is 
also lower than 100 GeV when fi is almost degenerate in mass with the LSP. In turn, the 
LEP2 bound on the mass of the lightest sbottom bi which is valid for any mixing pattern is 
superseded by the Tevatron bound when mixing effects do not make the sbottom behave very 
differently from first/second generation squarks. Also, the bounds from Tevatron searches 
shown above assume mass-degenerate squarks and gluinos [they are ~ 100 GeV lower for 
rrig 7 ^ rriq values] while the bound on the ti mass can be larger than the one obtained at LEP 
in some areas of the parameter space. For a more detailed discussion, see Refs. [1,83]. 

From the lightest chargino mass limit at LEP2 [and in the gaugino region, when |p| 3> M 2 , 
also from the limit on the gluino mass at the Tevatron], one can infer a bound on the mass 
of the lightest neutralino which is stable and therefore invisible in collider searches. For 
gaugino- or higgsino-like lightest neutralinos, one approximately obtains 

5 11 

gaugino : m^o ~ Mi ~ - tan^ 0 wM 2 ~ -M 2 ~ ~ 

higgsino : m^o ~ |p| ~ m^± > 90 GeV (1-54) 

[Additional information is also provided by the search for the associated production of the 
LSP with the next-to-lightest neutralino]. An absolute lower bound of m^o > 50 GeV can 
be obtained in constrained models [83]. However, if the assumption of a universal gaugino 
mass at the GUT scale. Mi = | tan^ 6w M 2 , is relaxed there is no lower bound on the mass 
of the LSP neutralino if it has a large bino component, except possibly from the one required 
to make it an acceptable candidate for the Dark Matter in the universe. 
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1.2 The Higgs sector of the MSSM 

1.2.1 The Higgs potential of the MSSM 

In the MSSM, we need two doublets of complex scalar fields of opposite hypercharge 


Hi = 


HI 

Hr 


with Yhi = -1 , H 2 



with Yh 2 = +1 


(1.55) 


to break the electroweak symmetry. There are at least two reasons for this requirement^. 

In the SM, there are in principle chiral or Adler-Bardeen-Jackiw anomalies [85] which 
originate from triangular fermionic loops involving axial-vector current couplings and which 
spoil the renormalizability of the theory. However, these anomalies disappear because the 
sum of the hypercharges or charges of all the 15 chiral fermions of one generation in the SM 
is zero, Tr(h/) = Tr(Q/) = 0. In the SUSY case, if we use only one doublet of Higgs fields as 
in the SM, we will have one additional charged spin ^ particle, the higgsino corresponding 
to the SUSY partner of the charged component of the scalar field, which will spoil this 
cancellation. With two doublets of Higgs fields with opposite hypercharge, the cancellation 
of chiral anomalies still takes place [86]. 

In addition, in the SM, one generates the masses of the fermions of a given isospin by 
using the same scalar field <h that also generates the W and Z boson masses, the isodoublet 
<h = ir 2 <h* with opposite hypercharge generating the masses of the opposite isospin-type 
fermions. However, in a SUSY theory and as discussed in §1.1.2, the Superpotential should 
involve only the superfields and not their conjugate fields. Therefore, we must introduce a 
second doublet with the same hypercharge as the conjugate $ field to generate the masses 
of both isospin-type fermions [19,20,26]. 

In the MSSM, the terms contributing to the scalar Higgs potential Vh come from three 
different sources [18,38]: 

i) The D terms containing the quartic Higgs interactions, eq. (ITTUl) . For the two Higgs 
fields Hi and H 2 with Y = — 1 and +1, these terms are given by 


U(1)y 

SU(2)l 


Vh 


W2 


2 L 2 ' 


l^il 




(1.56) 


with r“ = 2T“. Using the SU(2) identity = 26iiSjk — Sij6ki, one obtains the potential 


92 ^ 


VD = hh 


4\HlH2h - 2 \Hi\‘^\H 2\'^ + {\Hi 


l2\2 
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l2\2 


9\ 


+ - ii^i 


\ 2\2 


(1.57) 


higher number of Higgs doublets would also spoil the unification of the gauge coupling constants if no 
additional matter particles are added; see for instance Ref. [84]. 
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ii) The F term of the Superpotential eq. (ITT^ which, as discussed, can be written as 
Vf = From the term W one obtains the component 

VF = p'(|ifi|2 + |i72r) (1.58) 

Hi) Finally, there is a piece originating from the soft SUSY-breaking scalar Higgs mass 
terms and the bilinear term 

fsoft = + rn\j^H\H 2 + B ^{H 2 -Hi + h.c.) (1.59) 

The full scalar potential involving the Higgs helds is then the sum of the three terms [38] 

+ ^l^{\Hi\^ - \H2?)^ + \gl\HlH 2 ? (1.60) 

Expanding the Higgs helds in terms of their charged and neutral components and dehning 

the mass squared terms 

= + m2 = |/i|^ + ’ ml = Bfi ( 1 . 61 ) 

one obtains, using the decomposition into neutral and charged components eq. (fT33D 

Vh = m?(|i7?|2 + |i/f|2)+m2(|i72T + l^2+P)-^3(^r^2+-^?^2+h.c.) 

+ ^2 + ^l (|^0|2 ^ |^-|2 _ |^0|2 _ |^+|2)2 ^ (1.62) 

8 2 

One can then require that the minimum of the potential Vh breaks the SU(2 )l x Uy group 
while preserving the electromagnetic symmetry U(1)q. At the minimum of the potential 
one can always choose the vacuum expectation value of the held FTf to be zero, (iff)=0, 
because of SU(2) symmetry. At dV/dH^ one obtains then automatically (Fr2'^)=0. There 

is therefore no breaking in the charged directions and the QED symmetry is preserved. Some 
interesting and important remarks can be made at this stage [18,38]: 

• The quartic Higgs couplings are hxed in terms of the SU(2) x U(l) gauge couplings. 
Contrary to a general two-Higgs doublet model where the scalar potential Vh has 6 free 
parameters and a phase, in the MSSM we have only three free parameters: rn\,rn 2 and rn\. 

• The two combinations + |/ip are real and, thus, only Bjjl can be complex. 

However, any phase in Hp can be absorbed into the phases of the helds Hi and H 2 . Thus, 
the scalar potential of the MSSM is CP conserving at the tree-level. 

• To have electroweak symmetry breaking, one needs a combination of the H^ and 
helds to have a negative squared mass term. This occurs if 

fnl > fnlml (1.63) 
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if not, (H^) = (H^) will a stable minimum of the potential and there is no EWSB. 

• In the direction \H^\ = \H 2 \, there is no quartic term. Vh is bounded from below for 
large values of the held Hi only if the following condition is satished: 

fn\ + rn\ > 2\rn\\ (1.64) 

• To have explicit electroweak symmetry breaking and, thus, a negative squared term in 
the Lagrangian, the potential at the minimum should have a saddle point and therefore 

^ 3 

• The two above conditions on the masses rhi are not satished if rn\ = and, thus, we 
must have non-vanishing soft SUSY-breaking scalar masses rriHi ^^^1 

^ ( 1 . 66 ) 

Therefore, to break the electroweak symmetry, we need also to break SUSY. This provides 
a close connection between gauge symmetry breaking and SUSY-breaking. In constrained 
models such as mSUGRA, the soft SUSY-breaking scalar Higgs masses are equal at high- 
energy, rriHi — [and their squares positive], but the running to lower energies via the 
contributions of top/bottom quarks and their SUSY partners in the RGEs makes that this 
degeneracy is lifted at the weak scale, thus satisfying eq. p.66|) . In the running one obtains 
< 0 or 'rn^H 2 which thus triggers EWSB: this is the radiative breaking of the 

symmetry [28]. Thus, electroweak symmetry breaking is more natural and elegant in the 
MSSM than in the SM since, in the latter case, we needed to make the ad hoc choice < 0 
while in the MSSM this comes simply from radiative corrections. 


1.2.2 The masses of the MSSM Higgs bosons 


Let us now determine the Higgs spectrum in the MSSM, following Refs. [18,38,41]. The 
neutral components of the two Higgs helds develop vacuum expectations values 


Minimizing the scalar potential at the electroweak minimum, dVn/dH^ 
using the relation 

{vl + V 2 f = v^= = (246 GeV)^ 

92 4" 9i 

and dehning the important parameter 


(1.67) 
dV„/dH^ = 0, 

( 1 . 68 ) 


tan/3 


Vl 


{v sin /3) 
(n cos P) 


(1.69) 
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one obtains two minimization conditions that can be written in the following way 

(m^i — mjjJ tan 2/3 + M| sin 2/3 


Bfi = 


2 sin^ P — cos^ /3 

H = 




cos 2/3 


(1.70) 


These relations show explicitly what we have already mentioned: if rriHi and mH 2 are known 
[if, for instance, they are given by the RGEs at the weak scale once they are hxed to a given 
value at the GUT scale], together with the knowledge of tan /3, the values of B and /i^ are 
fixed while the sign of fi stays undetermined. These relations are very important since the 
requirement of radiative symmetry breaking leads to additional constraints and lowers the 
number of free parameters. 

To obtain the Higgs physical fields and their masses, one has to develop the two doublet 
complex scalar helds Hi and H 2 around the vacuum, into real and imaginary parts 

//. = (Hi ^ (fi +H°+ iPl , HI) 

H, = (H+, Hi = ^ (/f+ , V, + Hi + tPl) (1.71) 


where the real parts correspond to the GP-even Higgs bosons and the imaginary parts 
corresponds to the GP-odd Higgs and the Goldstone bosons, and then diagonalize the mass 
matrices evaluated at the vacuum 



1 

2 


dHidHj 


{H°)=vi/V2,{H°)=V2/V2,{Htp=0 


(1.72) 


To obtain the Higgs boson masses and their mixing angles, some useful relations are 


sin 29 = 


Tr(Af2) = Ml + Ml 
2Mi2 


Det(M^) = MlMl 
, cos20 = 


M 


22 


t?2 


(Afii — M.22Y + 12 \/ (-^11 ~ -^22)^ + 4A^j 

where Mi and M 2 are the physical masses and 9 the mixing angle. 

In the case of the GP-even Higgs bosons, one obtains the following mass matrix 


(1.73) 

(1.74) 


M 


2 _ 
R — 


—m\ tan /3 + M| cos^ /3 — M| sin /3 cos /3 

— M| sin /3 cos /3 —m|cot/3 + M| sin^ /3 


(1.75) 


while for the neutral Goldstone and GP-odd Higgs bosons, one has the mass matrix 


M 


2 

I 


—m\ tan /3 m\ 

ml —TTigCOt/d 


(1.76) 
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In this case, since Det(AIf) = 0, one eigenvalue is zero and corresponds to the Goldstone 
boson mass, while the other corresponds to the pseudoscalar Higgs mass and is given by 


M\ = + cot/3) = 


2m| 


sin 2/3 

The mixing angle 9 which gives the physical fields is in fact simply the angle /3 


(1.77) 




(1.78) 


COS /3 sin /3 
- sin /3 cos /3 

In the case of the charged Higgs boson, one can make exactly the same exercise as for the 
pseudoscalar A boson and obtain the charged fields 



cos f3 sin f3 
- sin /3 cos /3 



Hf 


(1.79) 


with a massless charged Goldstone and a charged Higgs boson with a mass 

+ (1.80) 

Goming back to the GP-even Higgs case, and injecting the expression of M\ into M.\-, one 
obtains for the GP-even Higgs boson masses after calculating the trace and the determinant 
of the matrix and solving the resulting quadratic equation 


Ml„ = 2 


MI + MIt + M|)2 - 4MlM| cos2 2/3 


The physical GP-even Higgs bosons are obtained from the rotation of angle a 



cos a sm a 
— sin a cos a 



where the mixing angle a is given by 


^ Ml-Ml n Ml + Ml 

cos 2 q! = — cos 2/3 —^^ , sm 2 q! = — sm 2/3 


Ml 


Ml 


JL 

Ml 


Ml 


or, in a more compact way 


1 / ^ Ml + Ml 

a = -arctan tan2/3 —^5 -—^ 

2 V ^ Ml- Ml 


71 

--<a<0 


(1.81) 


(1.82) 


(1.83) 


(1.84) 


Thus, the supersymmetric structure of the theory has imposed very strong constraints on 
the Higgs spectrum. Out of the six parameters which describe the MSSM Higgs sector, 
M/i, Mh, Ma, Mh± , /3 and a, only two parameters, which can be taken as tan /3 and Ma, are 
free parameters at the tree-level. In addition, a strong hierarchy is imposed on the mass 
spectrum and besides the relations Mh > max(Tf 4 , Mz) and Mh± > Mw, we have the very 
important constraint on the lightest h boson mass at the tree-level 


Mh < mm{MA, Mz) ■ \ cos2/3| < Mz 


(1.85) 
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1.2.3 The couplings of the MSSM Higgs bosons 
The Higgs couplings to gauge bosons 

The Higgs boson couplings to the gauge bosons [38] are obtained from the kinetic terms of 
the helds Hi and H 2 in the Lagrangian 

/:kin. = {D^Hi)\D^Hi) + {D^H2)\D^H2) (1.86) 

Expanding the covariant derivative and performing the usual transformations on the 
gauge and scalar fields to obtain the physical helds, one can identify the trilinear couplings 
VfjVuHi among one Higgs and two gauge bosons and Vf^HiHj among one gauge boson and two 
Higgs bosons, as well as the couplings between two gauge and two Higgs bosons VfjVyHiHj. 
The Feynman diagrams of these three sets of couplings are given in Fig. 1.2, and the Feynman 
rules for all possible couplings are given below; to simplify the expressions, we have used the 
abbreviated couplings gw = 92 and gz = 92 !cw- 



Figure 1.2: Feynman diagrams for the couplings between one Higgs and two gauge bosons (a), 
two Higgs and one gauge boson (b) and two Higgs and two gauge bosons (c). The direction 
of the momenta of the gauge and Higgs bosons are indicated when important. 


Z^Z^h : igzMzsm{(5 - a)g^y 
h ■ igwMw sin(^ - a)gf,^ 


Z^Z^H : igzMz cos{(3 - a)g^y 
W^W~H : igwMw - a)g^u (1-87) 


Z^hA : +YCOs(/3-a)(p + p% 

Z^H+H- ■.-^cos29w{p + p'), 
W^H^h : cos(/3 -a){p + p'), 

W^H^A-.^-^{p + p'), 


, : -y sin(/3 - a)(p + p')M 

, -t^,H+H~ : -ie{p + 

, : ±i^sm{P - a){p + p)f, 

, W^Gm°:^{p + pX ( 1 . 88 ) 


w;WgH,H, , 

Z^ZyHiHi : '^g^yCidij , 

'IFluHiHi . 2ie g^u Cj S^j , 

'y^ZjpHiHi . iegz g , 
Z^W^H^H, : 


d = 1 for Hi = h,H,A H^ 
a = 1 (cos2 2ew) for Hi = h,H,A (H^) 

Ci = 0 (1) for h, H, A (H^) 

Ci = 0 (cos^ 29w) for Hi = h,H, A (H^) 

Ci = — cos(/5 — a), + sin(/9 — a), ±1 for Hi = h,H, A 
Ci = — cos{P — a), + sin(/9 — a), ±1 for Hi = h, H, A 
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A few remarks are to be made here: 


- In the case of the couplings between one Higgs boson and two gauge bosons, since 
the photon is massless, there are no Higgs ^7 and Higgs-Z 7 couplings. CP-invariance also 
forbids WWZZA and WZH^ couplings [a summary of allowed Higgs couplings in a 
general two-Higgs doublet model and in the MSSM, will be given later]. The couplings of 
the neutral CP-even Higgs bosons h and H to VV states with V = W, Z are proportional 
to either sin(/3 — a) or cos(/3 — a); in terms of the Higgs boson masses the latter factor is 
given by 


cos^(/3 — a) = 


Mim - Ml) 


(1.89) 


MliMl - Ml) 

The couplings Ghvv and Ghvv are thus complementary and the sum of their squares is just 
the square of the SM Higgs boson coupling QhsmVV 


^hVV + — 9hsmVV 


(1.90) 


This complementarity will have very important consequences as will be seen later. 

- For the couplings between two Higgs bosons and one gauge boson, CP-invariance im¬ 
plies that the two Higgs bosons must have opposite parity and, thus, there are no Zhh, ZHh, 
ZHH and ZAA couplings. Only the ZhA and ZHA couplings are allowed in the neutral 
case while, in the charged case, the three couplings among and h, H, A states are 

present [see §1.2.5]. The couplings to Goldstone bosons have not been displayed, but they 
can be obtained from those involving the pseudoscalar and charged Higgs bosons by replac¬ 
ing A and by and respectively. When the CP-even h,H bosons are involved, 
one has to replace in addition sin(/9 — a) by — cos(/9 — a) and cos(/3 — a) by sin(/3 — a). The 
couplings of the CP-even h and H bosons to ZA and states are also complementary 

and one can write 


G'hAZ + 

'^hH±W± “T '^HH±W± 


(4M|) 

^dHsmWW 


(1.91) 


[This complementarity is required to avoid unitarity violation in scattering processes involv¬ 
ing Higgs bosons such as HZ —> AZ and HZ —> W^W~ [87,88].] 

- For the couplings between two Higgs bosons and two gauge bosons, we have also not 
listed those involving Goldstone bosons. They can be obtained from those of the pseudoscalar 
and charged Higgs bosons by making the same replacements as above, that is A and by 
and G^ and when the CP-even h, H bosons are involved, the coupling factors sin(/9 — a) 
and cos(/3 — a) accordingly. In addition, for the 'yW^AH^ and ZW^AH^ couplings and 
those where AH^ are replaced by G^G^, the directions of the and H^{G^) momenta are 
important. In the rules which have been displayed, the momentum of the W^{H^) boson 
is entering (leaving) the vertex. 
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Yukawa couplings to fermions 


As seen previously, SUSY imposes that the doublet Hi generates the masses and couplings of 
isospin — i fermions and H 2 those of isospin fermions. This automatically forbids Higgs 
boson mediated flavor changing neutral currents as proved in a theorem due to Glashow and 
Weinberg [89]. The Higgs boson couplings to fermions originate from the superpotential W 
which leads to the Yukawa Lagrangian [39] 


C 


Yuk — — 


1 

2 




d‘^W 

dzidzj 


'ijjj + h.c. 


(1.92) 


to be evaluated in terms of the scalar helds Hi and H 2 . Discarding the bilinear terms 
in the superpotential, assuming diagonal Y matrices and using the left- and right-handed 
projection operators Pl/r = |(1 T 75) with (V^iPl'^ 2 )^ = {'ip 2 PR'ipi), the Yukawa Lagrangian 
with the notation of the hrst fermion family is then 


= —Xu[uPluH 2 — uPlcIH^] — XdidPidH^ — dPiuH-^^] + h.c. (1.93) 


The fermion masses are generated when the neutral components of the Higgs helds acquire 
their vacuum expectation values and they are related to the Yukawa couplings by 


Xq, 


^/2m„ V2-. 




— 


y/2md V2md 


(1.94) 


V 2 V sin (3 Vi V cos (3 

Expressing the helds Hi and H 2 in terms of the physical helds, one obtains the Yukawa 
Lagrangian in terms of the fermion masses [90,91] 

g2mu 


C 


Yuk 


+ 


2Mw sin (3 

92md 

2Mw cos f3 
92 


[uu{H sin a + h cos a) — iwy^u A cos /3] 
[dd{H cos a — h sin a) — idj^d A sin /3] 


o -Kd {LU^M[mdtan/3(l+ 75 )+m„cot/3(l - 75 )]d +h.c.} (1.95) 

2 V IMyi/ 

with Vud the CKM matrix element which is present in the case of quarks. The additional 
interactions involving the neutral and charged Goldstone bosons and can be obtained 
from the previous equation by replacing A and H^ by and G^ and setting cot (3 = 1 and 
tan/3 = — 1. The MSSM Higgs boson couplings to fermions are given by 


G h.n.n. ^ 


.rriu coscK 


Ghdd — —i 


V sin /3 ’ 
. rud sin a 


G M 11.11. ^ 


. rUu sm a 


V sin /3 ’ 


G Auu 


rrii. 


cot (3 75 


V cos/3 ’ 


Gndd — i 


. rrid cos a 


^ , GAdd = — tan ^ 75 
V cos [3 V 


Gn+ud — 

^H~ud 


V2v 

i 

V2v 


V*d[mdtaii(3{1 + 75 ) + m„cot/3(l - 75 )] 
Vud[md tan(3{1 - 75 ) + m„cot/3(l + 75 )] 


(1.96) 
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One can notice that the couplings of the bosons have the same tan/3 dependence as 
those of the pseudoscalar A boson and that for values tan/3 > 1, the A and couplings 
to isospin down-type fermions are enhanced, while the couplings to up-type fermions are 
suppressed. Thus, for large values of tan /3, the couplings of these Higgs bosons to b quarks, 
oc rrib tan become very strong while those to the top quark, oc rrit/ tan/3, become rather 
weak. This is, in fact, also the case of the couplings of one of the CP-even Higgs boson h or 
H to fermions; with a normalization factor {i)g 2 mf /2My/ = imf/v, they can alternatively 
be written as 


9hbb 

9 hit 

9Hbb = 

9Htt = 


sm a 

cos /3 
cos a 


= sin(/3 — a) — tan /3 cos(/3 — a) 


sin /3 
cos a 

cos /3 
sin a 
sin /3 


= sin(/3 — a) + cot (3 cos(/3 — a) 
= cos(/3 — a) + tan /3 sin(/3 — a) 
= cos(/3 — a) — cot /3 sin(/3 — a) 


(1.97) 


and one can see that the bb (tt) coupling of either the hoi H boson are enhanced (suppressed) 
by a factor tan/3, depending on the magnitude of cos(/3 — a) or sin(/3 — a). Ignoring the 
missing *75 factor, the reduced pseudoscalar-fermion couplings are simply 


QAbb = tan /3 , QAtt = cot (3 


(1.98) 


The trilinear and quartic scalar couplings 


The trilinear and quadrilinear couplings between three or four Higgs helds can be obtained 
from the scalar potential Vh by performing the following derivatives 

B^Vh 

j± 


^ijk 

^ijkl 


BHidH.dHk 

B^Vh 


{H°)=v^/V2,{H°)=v2/V2,{Ht^^)=0 


BHiBHjBHkBHi 


{H0)=vi/V2,{H0)=V2/V2,{HtA=0 


(1.99) 


with the Hi helds expressed in terms of the helds h, TT, H, and with the rotations 

through angles (3 and a discussed in the previous section. The various trilinear couplings 
among neutral Higgs bosons, in units of Aq = —iM'^jv, are given by [41] 


A/i/i/i 

^Hhh 

^HHH 

^HHh 

^HAA 

^hAA 


3 COS 2a sin(/3 + a) 

2 sin 2a sin(/3 + a) — cos 2a cos(/3 + a) 

3 cos 2a cos(/3 + a) 

—2 sin 2a cos(/3 + a) — cos 2a sin(/3 + a) 
— cos 2(3 cos(/3 + a) 
cos2/3sin(/3 + a) 


( 1 . 100 ) 
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while the trilinear couplings involving the bosons, \hh+h- and Xhh+h-, are related to 
those involving the pseudoscalar Higgs boson with contributions proportional to the cou¬ 
plings of the h and H particles to gauge bosons 

Xhh+h- = - cos 2(3 cos(/3 -1- a) 2 c^ cos(^ - a) = Xhaa + ‘2c^gHvv 
XhH+H- = cos 2p sin(^ + a) + 2c^ sin(/3 - a) = Xhaa + 2cwghvv (1.101) 

The couplings of h and H to two Goldstone bosons and G^G~ are the same as the ones 
to AA and H^H~ states except that the sign is reversed and the contribution proportional 
to is set to zero in the latter case. The hAG^ and HAG^ couplings are obtained from 
the hAA and HAA couplings by replacing cos 2/3 by sin 2/3, Xag+h+ = 3iic^ and the two 
remaining trilinear couplings are given by Xhg+h- = — sin 2/3 cos(/3 -f- a) -|- sin(/3 — a) and 
XhG+H- = sin 2/3 sin(/3 + a) — cos(/3 — a). 

Finally, the quartic couplings among the MSSM Higgs bosons are more numerous and can 
be found in Ref. [41]. Some important ones, in units of Xq/v = are the couplings 

between four h or H bosons 


Xhhhh = Xhhhh = 3 cos^ 2a (1.102) 

1.2.4 The Higgs couplings to the SUSY particles 
Couplings to sfermions 

The MSSM Higgs boson couplings to scalar fermions come from three different sources: the 
F terms due to the superpotential W, the D terms due to the [supersymmetrized and gauge- 
covariantized] kinetic part of the sfermions in £, and the Lagrangian £trii. which softly breaks 
Supersymmetry [we recall that instead, the leading part of the scalar masses come directly 
from the soft SUSY-breaking potential Tsoftj- Normalized to g 2 /My/ and using the notation 
of the third generation, the Higgs couplings to two squarks, gqiq'.<s>, read^ 

2 

fc;» = E (W) (1.103) 

k,l=l ^ 

with the matrices summarizing the couplings of the Higgs bosons to the squark current 
eigenstates; for the h, H, A and particles, they are given by 

- - Qqsl^) Ml sin(/3 -f a) lmg(HgS? ps|) 

\mq{Aqs\ + fisl) -Qqs'^Ml sin(/3 a) 

"^Note that there are also couplings of the Goldstone bosons and to sfermion pairs, as well as 
quartic couplings between two Higgs or Goldstone bosons to two sfermions; these couplings will not be 
needed in our discussion and they can be found in Ref. [38,41] for instance. The couplings to leptons can 
be derived from those listed below by setting md = mi and = 0. 



j(1.104) 
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(1.105) 


r - ( ~ cos(/3 + a)+ mlrf 

^Hqq — 


CAqq — 


c 


H±tb 



\mq{Aqrl + ^rl) 

0 


\mq{Aqrl + iirl) 
Qqs'^Ml cos(/3 + a) + 

-\mq [yU + Ag(tan/3)“^-^3] 


\mq[^ +Aq{iSJlj3) 

tan P + mf cot /3 — sin 2(3 rrib tan /3 + /i) 
(Af cot/3 + yu) rrti mf,(tan/3 + cot/3) 


with the coefficients r \2 and sf 2 


(1.106) 

(1.107) 


s 


u 

1 


-Tn 


COS a 

sin/3 ’ 


So = Ti 


sin a 
si^ ’ 



sin a 
cos/3 ’ 



cos a 
cos (3 


(1.108) 


These couplings are thus potentially large since they involve terms oc and rritAt in the 
stop case and, in the case of sbottoms, there are terms oc mf,tan/3 that can be strongly 
enhanced for large values of tan (3. For instance, in the case a = (3 — ^ [which, as we will see 
later, corresponds to the decoupling limit Ma 3> Mz], the hit couplings, simply read 


dhiiii 

9hi2i2 

9hiit2 


COS 2/3M| 
COS 2(3 Ml 


1 2 
- COS 9t - -Sy^, 


sin^ 9, 


’m 


cos 2(3 sin 29tMl 


4 


cos 29t 
cos 29t 


+ + - sin 29tmtXt 

+ mf — - sin 29tmtXt 


+ - cos 29tmtXt 


(1.109) 


and involve components which are proportional to Xt = At — cot (3. For large values of 
the parameter Xt, which incidentally make the t mixing angle almost maximal, | sin 20^1 ~ 1 
and lead to lighter ti states, the last components can strongly enhance the ghiih coupling 
and make it larger than the top quark coupling of the h boson, g^tt oc rrit/Mz- 


Couplings to charginos and neutralinos 


The Higgs boson couplings to neutralinos and charginos come also from several sources such 
as the superpotential [in particular from the bilinear term] and are affected also by the 
gaugino masses in £soft- They are made more complicated by the higgsino-gaugino mixing, 
the diagonalization of the chargino/neutralino mass matrices, and the Majorana nature of 
the neutralinos. The Feynman rules for these couplings are given in Ref. [41]. Here, we 
simply display them in a convenient form [92] which will be used later. 

Denoting the Higgs bosons by Hk with k = 1,2, 3,4, corresponding to H^h^A and 
respectively, and normalizing to the electric charge e, the Higgs couplings to chargino and 
neutralino pairs can be written as 


L^R L,R '.pT. 

with 


L _ cos/3 
9ij4: sw 

R ^ sin/3 
sw 


Zj^Vii + {Zj2 + tan9wZji) Vi2 
ZjsUii —^ {Zj2 + tan9wZji) Ui2 


( 1 . 110 ) 
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with 


~ y/2sw dkVj 2 UiT^ 

~ ^sw ~ dkVi2Uji\ €k 


( 1 . 111 ) 


L,R _ L,R 
^xTXjHl ~ dijk 



9ijk with 


9ijk 

95k 


{Zj2 — tanOwZji) {ekZi3 + dkZi4) + i^j 
2^ {^j2 ~ tan dwZji) {ckZi^ + dkZi4) + i ^ j 


where Z and UjV are the 4x4 and 2x2 matrices which diagonalize the neutralino and 
chargino matrices and € 1^2 = —^3 = 1 ; the coefficients and dk read 


ei = + cos a , 02 = — sin a , 63 = — sin /3 

di = — sina , ^2 = — cos a , da = +cos/9 (1.113) 

Note that the Higgs couplings to the Xi LSP, for which Zn, Z 12 are the gaugino components 
and Zi 3 , Zi 4 the higgsino components, vanish if the LSP is a pure gaugino or a pure higgsino. 
This statement can be generalized to all neutralino and chargino states and the Higgs bosons 
couple only to higgsino-gaugino mixtures or states^. The couplings of the neutral Higgs 
bosons to neutralinos can also accidentally vanish for certain values of tan/? and a [and 
thus, Ma] which enter in the coefficients dk and e^. 


Couplings to gravitinos 

Finally, in gauge mediated SUSY-breaking (GMSB) models [58], where the gravitinos are 
very light, we will need the couplings between the Higgs bosons, the neutralinos and charginos, 
and the gravitinos. These couplings can be also written in an effective and convenient form 
which will be used later 

\9GxiH°\'^ ~ \^kZi3 + dkZi^l"^ , k = 1,2,3 

\9GxtH^\‘^ = |142pcos^/3 + |t/i2psin^/3 (1-114) 

The coefficients Ck and dk have been given above, eq. (I1.113|l . The structure of eq. p.ll4|l 
is due to the fact that gravitinos only couple to members of the same supermultiplet in 
the current basis, and each term is the product of the higgsino component of the ino and 
the component of the corresponding Higgs current eigenstate in the relevant Higgs mass 
eigenstate. Thus, the HkGx couplings are large only if the charginos and neutralinos have 
large higgsino components. 

®Iii the case of pure gaugino and higgsino states, the couplings of the Higgs bosons to neutralinos (and 
charginos) can be generated through radiative corrections where the most important contributions come 
from the third generation fermions and sfermions which, as seen previously, can have strong couplings. The 
induced couplings remain, however, rather small; see the discussion in Ref. [93]. 
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1.2.5 MSSM versus 2HDMs 


As a result of the SUSY constraints, the pattern of the Higgs boson masses and couplings 
in the MSSM is rather special. To highlight the unique features of the MSSM Higgs sector, 
it is common practice to compare it with a general two-Higgs doublet model (2HDM). A 
brief summary of the main differences is sketched below; see e.g. Refs. [41,94,95] for more 
details. 

In a 2HDM, the most general Higgs potential compatible with gauge invariance, the 
correct breaking of the SU(2 )l x U(1)y symmetry and CP conservation is given by [96] 

V = Ai(|0ip — + A2(|02p —+-^3[(|0iP ~—'^^ 2 )]^ 

+ A4[|0ip|02p — |0i02p] + A5[Re(0|02) — ^ 1 ^ 2 ]^ + A6[Ini(0|02)]^ (1.115) 


with 01, 02 the two Higgs-doublet helds and (0i) = vi, (02) = V 2 their vevs [note the 
change of normalization]. We have also assumed that the discrete symmetry 0i —>■ —0i is 
only broken softly; an additional term, A 7 [Re( 0 | 02 ) — nin 2 ]Ini( 0 | 02 ), can be eliminated by 
redehning the phases of the scalar helds [38]. Parameterizing the Higgs doublets by 


01 = 


^2 — 


V2 + 'r/2 + iX2 


+ hi + Wi 

one obtains for the mass terms in the CP-even Higgs sector 

4(Ai + A 3 )nf + Asuf ( 4 A 3 + A5)nin2 
( 4 A 3 + A5)nin2 4(A2 + \3)v^ + Aguf 

while in the CP-odd and charged Higgs sectors, one has 


(hl,h 2 ) 



-^ 6 (xn X2) 


-V 1 V 2 


-V 1 V 2 

vf 



-^4(01 1 02 ) 


-^ 1^2 


-V 1 V 2 

Vf 



(1.116) 


(1.117) 


(1.118) 


Diagonalizing the mass matrices and using eq. (irrsi) one obtains the physical masses of the 
Higgs bosons, which in the case of the pseudoscalar and charged Higgs bosons, read 

= Xqv'^ and = A 4 n^ (1.119) 

where here, v‘^ = vf + v 2 = (174 GeV)^; the mixing angle a in the CP-even Higgs sector 
is obtained from the mass matrix using the relation given in eq. (IT71D . Inverting these 
relations, one obtains the A’s in terms of the Higgs masses, and the angles a and (3 [41] 

i\/r2 i\/r2 \ „;^2 


Ai 

A 2 

A 3 


/ 9 , . 9 ,.r 9 N sin 2 a 

0 cos^ aMjj + sim aM^) — 


4cos ^^ ~ sin 2/3 

1 / 9 , .r9 9 , .r9N sin 2 aM^ — 

-^5- ; 7 (sin^ aMjj + cos^ aM?) -- 

4sin2/3n2^ ^ sin 20 


Ml _ sin"0 . 

4n2 ^ 4 ^ cos2 0^ ’ 




sin 2 a Mjj 


Ml 


sin 20 4 n 2 


As 

T 


A4 = 


M 


H± 


4y2 

A 

xe — — 5 - 


. 9V5 COS2 0 

' /I • 2 o / ’ 

4 sin fj 


( 1 . 120 ) 
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In a general 2HDM, the four masses Mh, Ma and Mh± as well as the mixing angles 
a and jS are free parameters. In addition, as one can see from the previous equations, the 
parameter A 5 cannot be hxed by the masses and the mixing angles, unless one imposes a 
strict 01 —>■ —01 symmetry resulting in A 5 = 0. This is a mere reflection of the fact that 
the model had originally seven inputs, tan/3 being also a free parameter. In contrast, SUSY 
imposes strong constraints on the parameter space of the MSSM Higgs sector in such a way 
that only two parameters are free. Taking tan /3 and Ai as the basics inputs, one has 

A 2 = Ai , A 3 = -{gl + g\) — Ai , A 4 = —-^9i + 2 Ai , 

1 

-^5 = ^6 = 2Ai — -{gi + ( 72 ) = —^ (1-121) 

2 

Nevertheless, even in the 2HDM, the Higgs couplings to gauge bosons are the same as in the 
MSSM, that is, they are suppressed by the same factors cos(/3 — a) and sin(/3 — a); however, 
here, the parameter a is free. 

In fact, in an arbitrary Higgs sector, the Higgs couplings to gauge bosons follow their 
spin-parity quantum number assignments [41]. In the absence of fermions, the CP-even Hi 
bosons [that is the linear combinations of Re(0j)] are states, while the CP-odd 

particles [the linear combinations of lm(0j)] have = 0’' , and both P and C symmetries 
are conserved®. The charged Higgs boson is a J®" = O’*' state, while the Z and W bosons are 
mixtures of, respectively, 1 /l’'"^ and 1~/l'^ states. From these assignments, one can 

infer the general properties of the Higgs couplings to gauge bosons, including their existence 
or their absence at the tree-level and the possibility of inducing them by loops [39,97]. A 
summary of possible tree-level and loop induced couplings among two Higgs bosons and one 
gauge boson as well as one Higgs boson and two gauge bosons is given in Table 1.3 [97]. CP is 
assumed to be conserved in the Higgs sector [also in the fermionic couplings] and only Higgs 
doublets and singlets are considered [the H^W~ Z coupling can be present at the tree-level 
in higher extensions of the Higgs sector; see Refs. [98,99] for instance]. 

The interaction of the Higgs bosons with fermions are model-dependent and there are two 
options which are generally discussed. In Type H models [90,91], the held 0i generates the 
masses of isospin down-type fermions and 02 the masses of up-type quarks and the couplings 
are just like in the MSSM [with again a being free]. In turn, in Type I models [91,100], the 
held 02 couples to both up- and down-type fermions. The couplings of the neutral Higgs 
bosons to gauge bosons and fermions are given in Table 1.4 in the two models; the couplings 
of the charged Higgs boson to fermions follow that of the CP-odd Higgs particle. 

®This is no longer the case when fermions are involved and, in this case, only CP-symmetry is approx¬ 
imately conserved. However, since in the Higgs-fermion Yukawa coupling the // system has zero total 
angular momentum and thus has C = + charge conjugation, the Hi and Ai states behave as scalar and 
pseudoscalar particles, respectively. 
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HHV couplings 

HVV couplings 

Coupling 

Tree-level? 

Loop? 

Coupling 

Tree-level? 

Loop? 

HiHiZ, AiAiZ 

NO: Bose statistics 

HiZZ, HiWW 

YES 

- 

HiHa, AiAi-y 

NO (Bose statistics) 

Hi'j'y, Hi'jZ 

NO (g = 0 ) 

1 -loop 

HiHj'f, AiAj-i 

NO (Q = 0) 

3-loop 

Higg 

NO (col=0) 

1 -loop 

HiHjZ, AiAjZ 

NO (CPc) 

3-loop 

AiZZ, AiWW 

NO (Cc) 

1 -loop 

H,AjY 

NO (g = 0) 

l~loop 

Hi77, Ai-/Z 

NO (Cc,g = 0) 

1 -loop 

H,AjZ 

YES 

- 

Aigg 

NO (Cc, col= 0) 

1 -loop 

H+H-Z{-f) 

YES 

- 

H+W-Z 

NO for doublets 

1 -loop 

H+W-H,{Ai) 

YES 

- 

H+W-j 

NO (U(I)q-c) 

1 -loop 


Table 1.3: The tree-level and loop induced Higgs couplings to one gauge boson and two gauge 
bosons in a general model with Higgs doublets where CP symmetry is assumed to be conserved 
in the Higgs and fermionic (except in the CKM matrix) sectors; Cc, CPc, Q = 0, col = 0 
mean, respectively C, CP, charge and color conservation. 


$ 

9^ 

UU 

9^dd 

9^vv 


Type I 

Type H 

Type I 

Type H 

Type I/H 

h 

cos a/ sin /? 

cos a/ sin /? 

cos a / sin f3 

— sin a/ cos f3 

sin(/9 — a) 

H 

sin a/ sin /3 

sin a / sin /? 

sin a/ sin /? 

cos a / cos /3 

cos(/3 — a) 

A 

cot f3 

cot /3 

cot (3 

tan P 

0 


Table l.f: The neutral Higgs couplings to fermions and gauge bosons in 2HDMs of Type I 
and II compared to the SM Higgs couplings. The H^ couplings to fermions follow that of A. 


Finally, the coupling among Higgs bosons are completely different in the two scenarios. 
Using the same normalization as in the case of the A couplings in the MSSM, the CP-even 
Higgs boson couplings to H^ bosons are, for instance, given by [95] 

Kh+h- = cos(/3 + a) + sin(/3 - a) 

+ a) + ~ (1-122) 

and may diverge in the limit of very heavy H^ bosons contrary to the MSSM case, if the 
decoupling limit is not properly taken; see e.g. Ref. [101]. 
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1.3 Radiative corrections in the MSSM Higgs sector 
1.3.1 The radiative corrections and the upper bound on Mh 
The upper bound on the lighter Higgs boson mass 

As discussed at the end of §1.2.2, Supersymmetry imposes strong constraints on the MSSM 
Higgs mass spectrum. In particular, eq. shows that the lighter CP-even Higgs boson 

should have a mass below Mz- This upper bound is saturated, Mh — Mz, when the mass 
of the pseudoscalar Higgs boson A is larger than Mz and | cos2/3| ~ 1, implying /3 — f and 
thus large values of the parameter tan f3. In addition, for a heavy pseudoscalar Higgs boson, 
the mixing angle a in the CP-even Higgs sector will approach the value a ~ | — /3. This 
has the important consequence that the h boson couplings to fermions and gauge bosons are 
SM-like, Qhuu — Qhdd — Qhvv — 1- [This is in fact the decoupling limit [101-103] which will 
be discussed later in more detail.] 

Since the h boson is light and has almost SM-like couplings when Ma is large, it should 
have been observed at LEP2, if it were not for the radiative corrections which push its mass 
upward from the tree-level upper bound Mz, to a value beyond the reach of LEP2 [42]. 
Indeed, these radiative corrections can be very large since rather strong couplings, such as 
the Higgs couplings to the top quarks and to their spin-zero SUSY partners, are involved 
in the Higgs sector; for recent reviews, see Refs. [104-106]. Thus, at least the radiative 
corrections due to top and stop quark loops should be incorporated in the MSSM Higgs 
sector. 

In the limits Ma S> Mz and tan/5 1 that one has to consider for the upper bound 
on Mh, these corrections are in fact rather simple to evaluate, in particular if one assumes 
in addition that the two stop squarks have the same mass, = mi = Ms, and 

do not mix with each other, Xt = At — /icot/5 <C Ms- In this case, the Higgs boson 
couplings to these particles are particularly simple. An additional simplification is provided 
by the assumption that the Higgs boson is much lighter than the top quark and squarks, 
Mh <C mt,mi, so that the external momentum of its self-energy can be neglected. 
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Figure 1.3: Tadpole contributions to the Higgs boson masses at one-loop. 


In addition to the two-point functions including top and stop loops that we have already 
seen in §1.1.1, when we presented the contributions of a fermion and two scalars to the Higgs 
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boson mass, one has also counterterm tadpole contributions depicted in Fig. 1.3. With the 
Higgs couplings written above, this additional contribution is given by 



(1.123) 


and if one adds the contribution of eq. (ESI), one obtains the total radiative correction to 
the upper bound on Mh- Using the relation v = this correction reads [37] 



(1.124) 


As can be seen, the correction grows quartically with top quark mass, AM| oc mf, and 
logarithmically with the stop masses, AM| oc log{m‘^/mf). It is therefore very large and 
increases the h boson mass by several tens of GeV, shifting its maximal value from Mz to 
~ 140 GeV. This explains why the h boson has not been seen at LEP2: the upper 
bound on Mh in the MSSM, when the one-loop radiative corrections are included, is such 
that the h boson can be kinematically not accessible at LEP2 energies. 

Status of the radiative corrections in the Higgs sector 

The fact that the inclusion of the one-loop 0{X‘f) corrections^, which rise as and log M 5 , 
may push the lighter Higgs mass well above the tree-level bound, was hrst realized in 
Ref. [37]. In the subsequent years, an impressive theoretical effort has been devoted to the 
precise determination of the Higgs boson masses in the MSSM. A hrst step was to provide 
the full one-loop computation including the contributions of all SUSY particles, the sfermion 
contributions with the bottom-sbottom loops being quite important, the chargino-neutralino 
corrections and the contribution of the gauge bosons and MSSM Higgs bosons; these calcu¬ 
lations have been performed in Refs. [69,108,109]. A second step was the addition of the 
dominant two-loop corrections which involve the strongest couplings of the theory, the QGD 
coupling constant and the Yukawa couplings of the heavy third generation fermions®: the 
leading logarithmic effects at two loops have been included via appropriate RGEs [110-112], 
and the genuine two-loop corrections of 0{as\t) [113-117] and 0{as\l) [118,119] have been 
evaluated in the limit of zero external momentum. The two-loop Yukawa corrections of 
0{X‘f) [113,116,120] and 0{XfXl) [107] have been also evaluated in the limit of zero external 
momentum and to complete the calculation of the two-loop corrections controlled by third- 
generation fermion couplings, the expectedly small corrections that are proportional to the 
r-lepton Yukawa coupling have been determined recently in Ref. [121]. 

^Here and in the following, by 0{X^) we mean 0{Xfm^), that is, there are four powers of mt] similarly, 
by 0{X‘^as) we mean 0{X^m^as). See, for instance, Ref. [107] for a discussion. 

® As seen previously, although the masses of the bottom quark and the t lepton are relatively tiny compared 
to the top quark mass, the b and r Yukawa couplings can be strongly enhanced for large values of tan (3. 
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The tadpole corrections needed to minimize the effective scalar potential Vh and to obtain 
the pseudoscalar Higgs boson mass which, together with tan /?, is generally used as an input 
parameter for the Higgs sector, have also been calculated at the one-loop [50,69] and two- 
loop [107,121,122] levels for the strong coupling and the top, bottom quark and r-lepton 
Yukawa couplings. Finally, the full two-loop corrections to the MSSM effective potential 
have been calculated in Ref. [123], together with a first study of the two-loop corrections to 
Mfi controlled by the weak gauge couplings [124] and the momentum-dependent corrections 
1125], 

The calculation of the radiative corrections to the Higgs boson masses and couplings 
requires the choice of a renormalization scheme. For example, one might choose to express 
the corrections in terms of “on-shell” parameters, such as pole particle masses and suitably 
defined mixing angles; this is the scheme adopted in Refs. [109,114] for instance, where 
the corrections have been calculated in the Feynman diagrammatic approach. However, in 
constrained models where the parameters at the weak scale are derived from unified ones at 
the GUT scale through RG evolution, they come naturally as unphysical “running” quantities 
expressed in the DR scheme, which is usually adopted since it preserves Supersymmetry. A 
more direct strategy would be then to perform the computation of the Higgs boson masses 
directly in this scheme. The results must be equivalent to those of the on-shell calculation 
up to terms that are formally of higher order in the perturbative expansion. The numerical 
differences can be taken as an estimate of the size of the corrections that are still uncomputed, 
which can be viewed, together with the choice of the renormalization scale at which the 
corrections are evaluated, as part of the theoretical uncertainty in the calculation. 

The theoretical work on the radiative corrections in the MSSM Higgs sector in the on- 
shell scheme or Feynman diagrammatic approach, as well as a comparison with the results 
in the RG approach including the ones in the DR scheme, has been recently reviewed in 
Ref. [105] to which we refer for details. Also recently, the implementation of a purely two- 
loop DR calculation of the neutral MSSM Higgs boson masses and the angle a into the 
latest versions of three public codes for the RG evolution of the MSSM parameters and 
the calculation of the superparticle and Higgs boson mass spectrum, i.e. SuSpect [126], 
SOFTSUSY [127] and SPHENO [128], has been performed [121]; most parts of our discussion in 
this section will be based on this work. 

The numerical results that we will display here are obtained by using either the program 
SuSpect which implements the full DR calculation or the Fortran code HDECAY [129] in which 
one of the routines FeynHiggsFastl . 2 [130] or SUBH [131] for the calculation of the radiative 
corrections will be adopted. The former calculates the corrections in the Feynman diagram¬ 
matic approach while the latter uses an RGE improved effective potential approximation. 
Before presenting these numerical results for the Higgs masses and couplings, let us first 
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display some analytical formulae for the dominant components of the radiative corrections 
in the Higgs sector of the phenomenological MSSM, to get some insight in the main effects. 


Approximations for the radiative corrections 

In the phenomenological MSSM dehned in §1.1.4, since there are 22 free parameters in the 
model, the phenomenological analyses should be rather complicated to carry out. However, 
only a small subset of parameters plays a signihcant role in the Higgs sector. Indeed, at 
the tree level, the Higgs sector of the pMSSM can be described by two input parameters in 
addition to the SM ones. As already mentioned, these parameters are in general taken to 
be the mass of the CP-odd Higgs boson Ma and tan 13. The mass matrix for the CP-even 
Higgs bosons is given at the tree-level by eq. (IT73D with Ma given by eq. (ITT7I) . This mass 
matrix receives radiative corrections at higher orders and it can be written as 

Ml, + AMI, Ml, + AMI, 

Ml, + AMl, Ml, + AM-l, 

The leading one-loop radiative corrections AMfj to the mass matrix are controlled by the 
top Yukawa coupling At which, as already seen, appears with the fourth power. One can 
obtain a very simple analytical expression if only this contribution is taken into account [112] 


(1.125) 
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logl^ 

2tt^v^ sin^ (3 [ ml 


Srhf 
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2 M| 


1 - 


6 M| 


(1.126) 


where Ms is the arithmetic average of the stop masses Ms = ^{m,^ + mj^), X, is the stop 
mixing parameter given in eq. (USSD, and mt is the running MS top quark mass to account 
for the leading two-loop QCD and electroweak corrections in a RG improvement. 

The corrections controlled by the bottom Yukawa coupling At, are in general strongly 
suppressed by powers of the 6-quark mass mb- However, this suppression can be compensated 
by a large value of the product jj, tan [3, providing a non-negligible correction to M^. Some of 
the soft SUSY-breaking parameters, in particular /i. At and Ab, can also have an impact on 
the loop corrections. Including these subleading contributions at one-loop, plus the leading 
logarithmic contributions at two-loops, the radiative corrections to the CP-even mass matrix 
elements can still be written in a compact form [104, 111, 112,132] 


AMl, 

AMl, 

AMl, 


siiAp 

327r2 

sin^/? 


327r2 
sin^ /3 


+ Cuis) + afeAj(l + c,2is) 
fl XtAl {6 - xtat){l + 031 ^ 5 ) - fl^abAlil + 032 ^ 5 ) 


(1.127) 


327r2 


QA^isi^. + C 2 i^s) + XttttA, (12 — Xtat){l + c,,is) — A^(l + 022 ^ 3 ) 


48 






















where the abbreviations is = log(M|/m^), Jl = fJ,/Ms, at^t = A,b/^s and Xt = Xt/Ms have 
been used. The factors Cij take into account the leading two-loop corrections due to the top 
and bottom Yukawa couplings and to the strong coupling constant they read 

~ 227,-2 ^ij^b ~ ^‘^93) (1.128) 

with the various coefficients given by 

(^11, ^12, ^21; ^22, ^31) ^32) = (12,—4, 6,—10, 9, 7) 

(&ii5 ^125 ^215 ^225 ^31) ^32) = (“4,12,2,6,18,-1,15) (1.129) 

The expressions eq. (I1.127|l provide a good approximation of the bulk of the radiative cor¬ 
rections. However, one needs to include the full set of corrections mentioned previously to 
have precise predictions for the Higgs boson masses and couplings to which we turn now. 


1.3.2 The radiatively corrected Higgs masses 


The radiately corrected CP-even Higgs boson masses are obtained by diagonalizing the mass 
matrix eq. (I1.125|l . In the approximation where only the leading correction controlled by the 
top Yukawa coupling, eq. ()1.126jl . are implemented, the masses are simply given by [37] 




It 


M|M2 cos2 2/3 T e{Ml sin^ /3 T M| cos2 /3) 
(Ml T M| T e)2 


(1.130) 


In this approximation, the charged Higgs mass does not receive radiative corrections, the 
leading contributions being of 0{am‘f) in this case [69,110,133]. A very simple expression for 
the corrected charged Higgs boson mass, which gives a result that is rather accurate is [134] 


Mh± = 


M\ T M^. — e+ with e+ = 
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As seen earlier, for large values of the pseudoscalar Higgs boson mass, Ma ^ Mz, the lighter 
Higgs boson mass reaches its maximum for a given tan jS value. In the e approximation, this 
value reads 


Mh ^M|cos2 2f3 + esm^f3 
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eM| cos^ /3 


M| sin^ 
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(1.132) 


In this limit, the heavier CP-even and charged Higgs bosons, with squared masses given by 

Mfsin^ 2/3Tecos2/3' 


Mh Ma 


IT 


2 Ml 


, Mh± Ma 


IT^ 

2 Ml 


(1.133) 


become almost degenerate in mass Mh — Mh± — Ma- This is an aspect of the decoupling 
limit [103] which will be discussed in more detail later. 
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Although transparent and useful for a qualitative understanding, the e approach is not 
a very good approximation in many cases. A more accurate determination of the CP-even 
Higgs boson masses is obtained by including the RGE improved corrections of eq. (fTTTTIl . 
However, the additional non-logarithmic contributions can generate shifts of a few GeV in 
the Higgs boson masses and should therefore also be included. Before turning to this point, 
let us first briefly describe the situation in which these corrections can be large and maximize 
the lighter Higgs boson mass. At tree-level, we have already seen that the maximal h boson 
mass is obtained when and tan jS take large values. At the one-loop level, the radiative 
corrections are enhanced when the logarithm in the hrst term of eq. (I1.12bj) is large, i.e. for 
large Ms values, corresponding to heavy stops. In addition, the corrections are largest and 
maximize the lightest h boson mass in the so-called “maximal mixing” scenario, where the 
trilinear stop conpling in the DR scheme is such that 

maximal mixing scenario : Xt = At — fi cot (3 VgMs (1.134) 

while the radiative corrections are much smaller for small values of Xt, close to the 

no mixing scenario : Xt = 0 (1.135) 

An intermediate scenario, sometimes called the “typical-mixing scenario”, is when Xt is of 
the same order as the SUSY scale, Xt ~ Ms [135]. The impact of stop mixing is exemplihed 
in Fig. 1.4, where the lighter Higgs boson mass is displayed as a function of the parameter 
Xt, for rrit = 178 GeV [44], mb = 4.88 GeV [136], Ms = Ma = 1 TeV and tan/? = 10; the 
one- and two-loop corrections, as calculated in the DR scheme by the program SuSpect, are 
shown. As one can see, the h boson mass Mh has a local minimum for zero stop mixing, and 
it increases with \Xt\ until it reaches a local maximum at the points Xt = ±\/6Ms ~ 2.45 
TeV [the maximum being higher for positive values of Xt], where it starts to decrease again. 

Note that if the radiative corrections were implemented in the on-shell scheme, the 
maximal mixing scenario would have occurred for ~ 2M°®, where X^^ and are 
the unphysical parameters obtained by rotating the diagonal matrix of the on-shell stop 
masses by the on-shell mixing angle; see e.g. Ref. [137] for a discussion. In Fig. 1.4, the 
dotted curve is obtained with the program FeynHiggs which uses the on-sheh scheme, but 
since Mh is plotted as a function of the DR parameter Xt, the maximum value of Mh is 
roughly at the same place. Gomparing the solid and dotted lines, it can be seen that the 
results obtained in the DR and on-shell schemes are different [np to 3-4 GeV higher in the 
OS calculation]. The difference can be used as an estimate of the higher-order corrections. 

Let us now discuss the individual effects of the various components of the corrections, 
starting with the case of the top/stop loops. In Fig. 1.5, the mass of the lighter h boson is 
displayed as a function of Ma in the no-mixing (left) and maximal mixing (right) scenarios 
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Figure 1.4-' The lighter MSSM Higgs boson mass as a function of Xt in the DR scheme for 
tan/3 = 10 and Ms = Ma = 1 TeV with mt = 178 GeV. The full and dashed lines correspond, 
respectively, to the two-loop and one-loop corrected masses as calculated with the program 
SuSpect, while the dotted line corresponds to the two-loop value obtained in the Feynman 
diagrammatic approach with FeynHiggs; from Ref. [121], 

for tan/3 = 2,20 and Ms = 1 TeV; the on-shell scheme has been adopted. While the one- 
loop contribntions increase Mh by approximately 30 to 50 GeV depending on the mixing 
in the stop sector, the inclusion of the QCD and leading logarithmic top Yukawa coupling 
corrections decrease the correction by ~ 10-15 GeV. The full 0(0^) contributions increase 
again the correction by a few GeV [in the DR scheme, the two loop corrections are much 
smaller; see Fig. 1.4 for instance]. The impact of the additional corrections due to the 
bottom-quark Yukawa coupling at both the one-loop and two-loop levels, where in the 
latter case only the O^agai,) are included, is displayed in Fig. 1.6 for a large values of the 
mixing parameter Xf, = Aj, — /itan/3 —/itan/3. For the chosen values, tan/3 = 45 and 
fi = —1 TeV, they induce an additional negative shift of a few GeV. Smaller shifts can 
also be generated by the 0{atab) and 0{al) contributions which are not displayed. The 
corrections due to the r-Yukawa coupling, which complete the set of corrections due to 
strong interactions and third generation Yukawa couplings, are negligibly small. 

In Fig. 1.6, the impact of the radiative corrections is also shown for the heavier CP-even 
Higgs mass. For small Ma values, Ma ^ 100-140 GeV, the trend is very similar to what has 
been discussed for the h boson. However for large Ma values, when the decoupling limit is 
reached, all the corrections become very small and H and A stay almost degenerate in mass 
even after including radiative corrections. This is also the case of the lighter Higgs boson 
for small Ma values, in this case the roles of the H and h bosons are interchanged. 
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Figure 1.5: The radiatively corrected mass of the lighter CP-even Higgs boson as a 
function of for two values tan /3 = 2 and 20 in various approximations for the no mixing 
(left) and maximal mixing (right) scenarios with Ms = 1 TeV. Only the top/stop loops have 
been included at the two-loop level and mt = 175 GeV; from Ref. [120]. 



Figure 1.6: The impact of the bottom/sbottom loop contributions to the radiatively corrected 
masses of the CP-even Higgs bosons Mh and Mh as a function of Ma for the scenario where 
tan/3 = 45 with At ~ —/i ~ Ms ~ 1 TeF and Ai, = 0; mt = 175 GeV. From Ref. [118]. 
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The radiatively corrected masses of the neutral CP-even and the charged Higgs bosons 
are displayed in Fig. 1.7 as a function of M 4 for the two values tan jS = 3 and 30. The full set 
of radiative corrections has been included and the “no-mixing” scenario with Xf = 0 (left) 
and “maximal mixing” scenario with Xt = y/QMs (right) have been assumed. The SUSY 
scale has been set to Ms = 2 TeV and the other SUSY parameters except for At to 1 TeV; 
the SM input parameters are fixed to rrit = 178 GeV, rrib = 4.88 GeV and as{Mz) = 0.1172. 
The program HDECAY [129] which incorporates the routine FeynHiggsFastl . 2 [130] for the 
calculation of the radiative corrections in the MSSM Higgs sector, has been used. 
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Figure 1.7: The masses of the MSSM Higgs bosons as a function of Ma for two values 
tan/3 = 3 and 30, in the no mixing (left) and maximal mixing (right) scenarios with Ms = 2 
TeV and all the other SUSY parameters set to 1 TeV. The full set of radiative corrections 
is included with mt = 178 GeV, mb = 4.88 GeV and as{Mz) = 0.1172. 

As can be seen, a maximal value for the lighter Higgs mass, M^ ~ 135 GeV, is obtained 
for large Ma values in the maximal mixing scenario with tan /3 = 30 [the mass value is almost 
constant if tan/3 is increased]. For no stop mixing, or when tan/3 is small, tan/3 < 3, the 
upper bound on the h boson mass is smaller by more than 10 GeV in each case and the 
combined choice tan/3 = 3 and Xt = 0, leads to a maximal value ~ 110 GeV. Also for 
large Ma values, the A, H and bosons [the mass of the latter being almost independent 
of the stop mixing and on the value of tan/3] become degenerate in mass. In the opposite 
case, i.e. for a light pseudoscalar Higgs boson, Ma ^ it is Mh which is very close to 

Ma, and the mass difference is particularly small for large tan/3 values. 
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1.3.3 The radiatively corrected Higgs couplings 

We turn now to the couplings of the Higgs bosons, which determine to a large extent their 
production cross sections and their decay widths. The couplings to fermions and gauge 
bosons strongly depend on the value of tan/3 but also on the value of the mixing angle a 
in the CP-even Higgs sector. Normalized to the SM Higgs couplings as indicated in the 
caption, they are summarized in Table 1.5 for convenience. 
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Table 1.5: Neutral Higgs boson couplings to fermions and gauge bosons in the MSSM normal¬ 
ized to the SM Higgs boson couplings gHsMff — f ^ 9 hsmVV = and 

the couplings of two Higgs bosons with one gauge boson, normalized to gw = 
for g^H±wT and gz = for gq>Az- 

These couplings are renormalized by the same radiative corrections which affect the 
neutral Higgs boson masses. For instance, in the e approximation which has been discussed 
earlier, the corrected angle a will be given by 


tan 2a 


tan 2/3 


M| + M| 

M\ — M| + e/ cos 2/3 ’ 


TT 

-< a < 0 
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(1.136) 


The radiatively corrected reduced couplings of the neutral CP-even Higgs particles to gauge 
bosons are then simply given by 


ghvv = sin(/3 - a) , gnvv = cos(/3 - a) (1.137) 

where the renormalization of a has been performed in the same approximation as for the 
renormalized Higgs boson masses. The squares of the two renormalized Higgs couplings to 
gauge bosons are displayed in Fig. 1.8 as a function of Ma for the two values tan/3 = 3, 30 
in the no mixing and maximal mixing scenarios. The SUSY and SM parameters are chosen 
as in Fig. 1.7. One notices the very strong variation with Ma and the different pattern for 
values above and below the critical value Ma — For small Ma values the couplings 

of the lighter h boson to gauge bosons are snppressed, with the snppression/enhancement 
being stronger with large values of tan/3. For values Ma ^ the normalized h boson 

couplings tend to unity and reach the values of the SM Higgs couplings, ghvv = 1 for 
Ma ^ these valnes are reached more quickly when tan/3 is large. The situation in 
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the case of the heavier CP-even H boson is just opposite: its couplings are close to unity 
for Ma ^ [which in fact is very close to the minimal value of Mh, ~ 

in particular at large tan/?], while above this limit, the H couplings to gauge bosons are 
strongly suppressed. Note that the mixing Xt in the stop sector does not alter this pattern, 
its main effect being simply to shift the value of 



Figure 1.8: The normalized couplings sguared of the CP-even MSSM neutral Higgs bosons 
to gauge bosons as a function of Ma for two values tan jS = 3 and 30, in the no mixing (light 
lines) and maximal mixing (thick lines) scenarios. The full set of radiative corrections is 
included with the same inputs as in Fig. 1.7. 

In the case of the Higgs-fermion couplings, there are additional one-loop vertex correc¬ 
tions which modify the tree-level Lagrangian that incorporates them [67-70]. In terms of 
the two Higgs doublets Hi and H 2 which generate the couplings of up-type and down-type 
fermions, the effective Lagrangian can be written at one-loop as [104] 

~ 'CYuk = Cj [(-^6 + dXbfb^HlQf + [Xt + 5Xt)fjiQfHi + (A.^ + dXr)fRH\U^^ 

+ XXjfbnQfHi* + XXMRHHi* + XXtiRQfWf + h.c. (1.138) 


Thus, at this order, in addition to the expected corrections dXt^ which alter the tree-level 
Lagrangian, a small contribution AA^ (AA;,) to the top (bottom) quark will be generated 
by the doublet Hi {H 2 ). The top and bottom quark Yukawa couplings [the discussion for 
the T couplings follows that of the 6-quark couplings], defining At,A;, = 6Xb + AAt,tan/? and 
At At = 6Xt + AAt cot /3, are then given by [67-70] 


Ah — 


\/2mb 


At = 


y/2mt 


(1.139) 


V cos (51 + Xb ^ " vsinP 1 + At 

The leading parts of the total corrections At^h are in fact those which affect the 6 and t quark 
masses in the MSSM, already discussed in §1.1.6 and given in eqs. (IT:i3D and (OHll . The 
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b quark corrections are enhanced by tan/3 factors while those affecting the top quark are 
sizable for large At or /i values. Rather than attributing these corrections to the running 
quark masses, one can map them into the Yukawa couplings and the masses will be simply 
those obtained from a standard RG running in the SM (MSSM) at a scale below (above) the 
SUSY scale. In the case of the neutral Higgs boson couplings to bottom quarks, one may 
then write [70,104] 
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Figure 1.9: The normalized eouplings sguared of the CP-even MSSM neutral Higgs bosons 
to fermions as a function of Ma for tan/3 = 3 and 30, in the no mixing (light lines) and 
maximal mixing (thick lines) scenarios, using the same inputs as in Fig. 1.7. 
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The couplings squared of the neutral CP-even Higgs bosons to isospin up- and down- 
type fermions are displayed in Fig. 1.9 as a function of Ma for the same set of parameters as 
in Fig. 1.7. As in the case of the VV couplings, there is again a very strong variation with 
Ma and different behaviors for values above and below the critical mass Ma — For 

Ma ^ the lighter h boson couplings to up-type fermions are suppressed, while the 

couplings to down-type fermions are enhanced, with the suppression/enhancement being 
stronger at high tan For Ma ^ the normalized h couplings tend to unity and reach 

the values of the SM Higgs couplings, Qh/f = 1, for Ma ^ the limit being reached 

more quickly when tan jS is large. As in the HVV case, the situation of the H boson couplings 
to fermions is just opposite: they are close to unity for Ma ^ while for Ma > 

the H couplings to up-type (down-type) fermions are strongly suppressed (enhanced). For 
Mh 3> the H boson couplings become approximately equal to those of the A boson 

which couples to down-type and up-type fermions proportionally to, respectively, tan f3 and 
cot p. In fact, in this limit, also the H coupling to gauge bosons approach zero, i.e. as in 
the case of A boson. 

Finally, the trilinear Higgs couplings are renormalized not only indirectly by the renor¬ 
malization of the angle a, but also directly by additional contributions to the vertices 
[138-143]. In the e approximation, which here gives only the magnitude of the correction, 
i.e. about ten percent in general, the additional shifts in the neutral Higgs self-couplings 
A A = A^“^°°p(q;) — A®°’'°(a —^ a) are given [as mentioned previously Xhh+h- and Xhh+h- 
follow the couplings of respectively, the h and H bosons into AA and VV states] [138] 
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The trilinear couplings among the neutral Higgs bosons are shown in Fig. 1.10 for the same 
set-up as previously, while those involving charged Higgs boson pairs are shown in Fig. 1.11. 
In the case of the Xhhh coupling, it is strongly suppressed for Ma ^ in particular at 

large tan/3, Xhhh ~ 0, and rises quickly above this mass value to reach Xhhh ~ ‘^^h/^z 
which is the SM value. This value is of course larger in the case of maximal stop mixing and 
large tan/3. For Xuhhi it is positive and slightly below unity for Ma ^ and steeply 

decreases around this value. For large Ma values, it reaches a plateau which depends on 
tan/3, Xuhh | sin4/3, when radiative corrections are ignored. In fact, at large tan/3 values, 
all couplings of the H boson to neutral and charged Higgs pairs vanish in the limit Ma S> Mz, 
while those of of the lighter h boson are correspondingly very small for Ma Mz- A strong 
variation of the couplings is to be noticed at the critical mass Ma ~ far below and 

above this value the couplings reach asymptotic regimes. 
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Figure 1.10: The trilinear self-eouplings among the neutral MSSM Higgs bosons [normalized 
to —iM^/v] as a function of Ma for tan/3 = 3 and 30, in the no mixing (light lines) and 
maximal mixing (thick lines) scenarios, with the same inputs as in Fig. 1.7. 
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Figure 1.11: The same as in Fig. 1.10 but for the couplings involving charged Higgs bosons. 


1.3.4 The decoupling regime of the MSSM Higgs sector 

As mentioned several times before, when the pseudoscalar Higgs mass becomes large com¬ 
pared to Mz, Ma S> Mz, the lighter CP-even Higgs boson h approaches its maximal mass 
value, given by = -^/cos^ 2/3M| -|- e when the dominant radiative corrections are in¬ 
cluded, reaching the value ~ -|- e when tan/3 is large. The mass of the heavier 

CP-even Higgs boson, Mh = ■\/ M\ + sin^ 2/3M|, and the one of the charged Higgs boson, 
Mh± = \/M\ -|- c^M^, become very close to Ma- This is one aspect of the decoupling 
regime in the MSSM, where there is only one light Higgs boson in the theory and all the 
other Higgs particles are very heavy and degenerate in mass, ~ Mh± — Ma [103]. 

The other very important aspect of the decoupling regime is related to the Higgs couplings 
to SM particles. As seen previously, CP-invariance prohibits tree-level couplings of the 
pseudoscalar and charged Higgs bosons to two gauge bosons. The couplings of the CP- 
even h and H bosons to WW and ZZ states are suppressed by mixing angle factors but are 
complementary, the sum of their squares being the square of the coupling. For large 

Ma values, one can expand these couplings in powers of Mz/Ma to obtain at tree-level 

0 

1 (1.142) 

where we have also displayed the limits for large values of tan (5 using the relation sin 4/3 = 
4 tan/3(l —tan^ /3)(l-|-tan^ j3)~‘^ ^ guvv vanishes 

while ghvv reaches unity, i.e. the SM value. This occurs more quickly if tan f3 is large, since 
the first term of the expansion involves this parameter in the denominator. 


9hvv = cos(/3 - a) 


ghvv = sin(/3 - a) 


Ma'>Mz 


Ml 

2M‘i 


sin 4/3 


tan /33>1 
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Ma'>Mz 


1 - 


Ml 

8Ml 
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2 ^ ^ tan ^ 


M/3 


Ml tan /3 

2M| 

M\ isjF /3 
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This statement can be generalized to the couplings of two Higgs bosons and one gauge 
boson and to the quartic couplings between two Higgs and two gauge bosons, which are 
proportional to either cos{j3 — a) or sin(/9 — a) [there are also several angle independent 
couplings, such as the , ZH~^H~ and W^H^A couplings and those involving two 

identical gauge and Higgs bosons as well as the H^A states]. In particular, all couplings 
involving at least one gauge boson and exactly one non-minimal Higgs particle A, H, 
vanish for 3> Mz, while all the couplings involving no other Higgs boson than the 
lighter h boson reduce to their SM values. [The last statement, for instance, can be checked 
explicitly in the case of the trilinear Xhhh couplings.] 

Turning to the Higgs couplings to fermions, and expressing the couplings of the CP-even 
h and H bosons to isospin X and — ^ fermions as in eq. (fTWI) in terms of cos(/9 — a) with 
the latter given by eq. ()1.142j) in the decoupling limit, one has for Ma S> Mz [61] 

sin 4/3 


9 hull 


9hdd 


9Hii 


9Hdd 


Ma'>Mz 


Ma'>Mz 


Ma:s>Mz 


Ma'>Mz 


1 + 


Ml _ 

2M\ tan/3 


tan /33>1 


1 - 


1 - 


sin 4/3 tan /3 
2Ml ^ ^ 

Ml . tan/3>l 

sm 4/3 —t 


1 + 


2M| 
Ml tan^ /3 
2 M| 


(1.143) 
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2M| 


V Ml tan2 f3 


— cot /3 
—t tan /3 


Thus, the couplings of the h boson approach those of the SM Higgs boson, g^uu = 9hdd = 1, 
while the couplings of the H boson reduce, up to a sign, to those of the pseudoscalar Higgs 
boson, 9huu — 9Auu = cot /3 and 9Hdd — 9Add = tan /3. Again, as a result of the presence of 
the tan/3 factors in the denominators of the expansion terms, eq. (irm . these limits are 
reached more quickly at large values of tan/3, except for ghdd and guuu- 

These results are not significantly altered by the inclusion of the radiative corrections in 
general [except for two exceptional situations which will be discussed later]. A quantitative 
change, though, is the value of Ma at which the decoupling occurs. For instance, at large 
tan /3, the decoupling limit is already reached for Ma ^ Mz at tree-level, but the inclusion of 
the radiative corrections shifts this value to Ma ^ In addition, even in the presence 

of the threshold corrections f, in the Yukawa couplings, one still recovers the SM coupling 
for the h boson, ghbb = 1, once they are implemented as in eq. (11.14011 . 

In the case of the trilinear Higgs couplings, it is instructive to keep the radiative correc¬ 
tions since without these contributions, most of them would vanish. Using the abbreviations, 
Xo = [xq — ez sin^ (3){1 — xq -\- ez sin^ (3) with ez = ^jMl, one obtains for 

the self-couplings among the neutral Higgs bosons in the e approach [144] 


, Ma'>Mz o X Ma-^Mz ^ 
Ahhh -^ , AhHH -^ ^ 


3(Xo — ez) 1 ^hAA 


Ma'>Mz 


-{xq - ez ), (1.144) 
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\ Q o ' Q /Q \ ^ \ Q Q 4-0 2/3 

>^Hhh —> -^xi - 3ez sm fj COS fj , Xhhh ^-^>^HAA —^ 3xi-3ez cot fJ cos fJ 

At high-tan /3, one has Xq — = 1 leading to Xi = 0, so that the expressions simplify to 

^hhh — 3M^/M| , XhHH — ^hAA = —1 , ^Hhh — — ^HAA — 0 (1.145) 

in qualitative agreement with the behavior shown in Fig. 1.10 for tan/3 = 30. 

To summarize: for large values of M/ 4 , in practice for Ma ^ 300 GeV for low tan/3 and 
Ma ^ M™®'^ for tan/3 > 10, the h boson reaches its maximal mass value and its couplings 
to fermions and gauge bosons as well as its trilinear self-coupling become SM-like. The 
heavier H boson has approximately the same mass as the A boson and its interactions are 
similar, i.e. its couplings to gauge bosons almost vanish and the couplings to isospin (i) —X 
fermions are (inversely) proportional to tan j3. The charged Higgs boson is also degenerate 
in mass with the A boson and its couplings to single h bosons are suppressed. Thus, in the 
decoupling limit, the heavier Higgs bosons decouple and the MSSM Higgs sector reduces 
effectively to the SM Higgs sector, but with a light Higgs boson with a mass Mh ^ 140 GeV. 

1.3.5 The other regimes of the MSSM Higgs sector 

There are also other regimes of the MSSM which have interesting phenomenological conse¬ 
quences and that we briefly summarize below. 

The anti—decoupling regime 

If the pseudoscalar Higgs boson is very light®, Ma M^, the situation is exactly opposite 
to the one in the decoupling regime. Indeed, in this case, the lighter GP-even Higgs boson 
mass is given by Mh — Myi|cos2/3| while the heavier GP-even Higgs mass is given by 
Mh — Mz{l + Ma sin^ 2/3/M|). At large values of tan/3, the h boson is degenerate in mass 
with the pseudoscalar Higgs boson A, Mh — Ma, while the H boson is degenerate in mass 
with the Z boson, Mh — Mz [145]. This is similar to the decoupling regime, except that 
the roles of the h and H bosons are reversed, and since there is an upper bound on Mh, all 
Higgs particles are light. We will call this scenario, the anti-decoupling regime. 

In contrast to the decoupling regime, for Ma -C Mz, it is cos(/3 — a) which is large and 
sin(/3 — a) which is small, in particular at high values of tan/3 where one has 

2/n ^ Ma<S:Mz 2r,nf^ ^A ■ 2 o a\ tan/3>l , , 

COS [p — a) —*• cos 2/3^1 — -^^sm 2pj —> 1 (1.146) 

®The values Ma < Mz are excluded experimentally in the MSSM as will be discussed in the next section. 
However, when including the radiative corrections, the above limit becomes Ma \/+ e and is valid, 
in particular at high tan/3 values, for Ma < y/M'^ + e as we will see shortly. 
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From eq. (fT^ one then sees that it is the h boson which has couplings that behave as those 
of the pseudoscalar Higgs boson A, while the H boson couplings are SM-like 


Ma<s:Mz , a Ma<.Mz , a 

9huu ^ cot fj , Qhdd ^ taU fj 


dH-u 


MA-tiMz 


Ma<Mz ^ 
QHdd -*■ t 


(1.147) 


Again, the radiative corrections do not qualitatively change this pattern and the only effect 
is to to shift the value at which this situation occurs, i. e. from Ma ~ Mz to Ma ~ ~ 

\/ M| + e. Thus, in the low Ma regime and for large tan (3 values, the H boson has a mass 
Mh ~ M™*™ ~ M| + e and its couplings to gauge bosons and fermions are SM-like, while 
the lighter h boson is degenerate in mass with the pseudoscalar Higgs boson, — Ma and 
has approximately the same couplings, that is, very suppressed couplings to gauge bosons 
and isospin up-type fermions and enhanced couplings to isospin down-type fermions. This 
can explicitly be seen in Figs. 1.8 and 1.9 where the masses and the couplings, including the 
full set of radiative corrections, are plotted against Ma- 

The intense—coupling regime 

An interesting situation would be the one where the mass of the pseudoscalar A boson is 
close to Mz at tree-level, or when radiative corrections in the Higgs sector are taken into 
account, close to the maximal value allowed for the lighter Higgs boson mass Mh- In this 
case, the three neutral Higgs bosons h, H and A [and even the charged Higgs particles] will 
have comparable masses, Mh Mh Ma mass degeneracy is more effective 

when tan (3 is large. This scenario, called the intense-coupling regime, has been discussed in 
detail in Refs. [134,146]. 

In fact, this regime can be dehned as the one where the two CP-even Higgs bosons h 
and H are almost degenerate in mass, Mh — Mh- Including the radiative corrections in the 
e approach for illustration and solving eq. ()1.13()j) for Mjj — = 0, which is a second order 

polynomial equation in the variable M\ 

M\ + 2M|[M|(1 - 2cos^2/3) + ecos2^5] + M| + - 2M|ecos2/3 = 0 (1.148) 

one obtains a discriminant A' = — sin^ 2/9(2M| cos2/9 — e)^ < 0. The only way for the 
solution to be real is therefore to have either sin 2/3 = 0 or e = 2M| cos 2/3. The last 
possibility gives M\ = —M| which has to be rejected, while the former possibility gives 
M\ = + e with /3 = |. In fact, this solution or critical mass corresponds to the maximal 

value allowed for Mh and the minimal value that Mh can take 

Me = MJ^^ = = ^M| + e (1.149) 
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In addition, in the large tan/3 regime, eq. (ll.ldOj) for the h and H masses simplihes to 
M‘^h = ^ T \^A ~ ~ ^D) which means that 

Ma ^ Me Mh — Ma and Mh — Me 

Ma ^ Me Mh — Ma and Mh — Me (1.150) 


and therefore the A boson is always degenerate in mass with one of the CP-even Higgs 
bosons, that we will call while the other CP-even Higgs particle, called ^h, is very close 
in mass with Me- In addition, the CP-even boson will have almost the same conplings as 
A, while the ^h particle will have almost the couplings of the SM Higgs boson. If Ma ^ Me 
we are in fact in the decoupling limit, while for Ma ^ Me we are in the anti-decoupling 
regime, the two situations which have been discussed previously. 

If the masses of the neutral Higgs bosons are approximately equal, Mh Mh — Ma — 
Me, we are in the transition regime where both the <I>a and ^h bosons have still enhanced 
couplings to down-type fermions and suppressed couplings to gauge bosons and up-type 
fermions. This can be seen from eq. p.97|l where one sets cos^(/3 — a) ~ sin^(/3 — a) ~ | 
and obtains for large tan /3 values 


IdhVvl — \ghuu 


— IdHVvl — IdHuu 



\ghdd\ - \gHdd\ - tan^ 


(1.151) 


This leads to interesting phenomenological implications which will be discussed later. 


The intermediate—coupling regime 

For low values of tan/3, tan/3 < 3-5, and a not too heavy pseudoscalar Higgs boson, 
Ma ^ 300-500 GeV, we are not yet in the decoupling regime and both cos^(/3 — a) and 
sin^(/3 — a) are sizable, implying that both CP-even Higgs bosons have signiheant couplings 
to gauge bosons. The couplings between one gauge boson and two Higgs bosons, which are 
suppressed by the same mixing angle factors, are also signiheant. In addition, the couplings 
of the neutral Higgs bosons to down-type (up-type) fermions are not strongly enhanced 
(suppressed) since tan /3 is not too large. 

In this case, interesting phenomenological features occur. Although, the H, A and 
bosons are relatively heavy, they do not completely decouple from gauge bosons and up-type 
fermions. Many interesting decay modes, such as the decays A —> hZ and —»■ W^h, as 

well as the decay H ^ hh and possibly H/A tt, occur at visible rates, since at the same 
time the phase space is favorable and the couplings among the particles are not suppressed 
[and the decays into bb pairs which are overwhelming at large tan/3 are not too strongly 
enhanced]. These decays will be discussed in detail in the next section. 
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The vanishing—coupling regime 


Finally, for relatively large values of tan/? and intermediate to large values of Ma, as well 
as for specific values of the other MSSM parameters which enter the radiative corrections, 
there is a possibility of the suppression of the couplings of one of the CP-even Higgs bosons 
to fermions or gauge bosons, as a result of the cancellation between tree-level terms and 
the radiative corrections [132,147-150]. Indeed, reconsidering the expansion of the h boson 
couplings to down type fermions ghdd in the large Ma and tan/? limits, eq. (I1.143|l . and 
including the radiative corrections in the parametrization of eq. (inzzD, one obtains 

AM?, 


Qhdd — 


Sin a 
cos /? 


1 + 2 


Ml 

4 




Ml 

■—pr tan /? 

Ml 


(1.152) 


If tan/? is large, the radiative corrections are strongly enhanced and can become of the same 
order as the tree-level contribution. The cancellation of the two occurs at approximately 
AM ?2 ~ + 2M|)cot/? and in this case, Qhdd vanishes. The exact point for which 

this phenomenon occurs depends on all the SUSY parameters which enter the radiative 
corrections [132], as well as on the approximation which is used to implement them [for 
instance, this cancellation does obviously not occur in the e approach since in this case, 
AYf?2 ^ 0) IfTT^ ]. However, there is in general a sizable portion of the parameter 
space where the hbb and hMT~ coupling are strongly suppressed. In addition, in the case of 
the hbb couplings, additional strong suppression might occur [150] as a result of large vertex 
corrections due to gluino exchange. These situations lead to peculiar phenomenological 
consequences, in particular for the decays of the h boson as will be discussed later. 

Note that the other couplings of the Higgs bosons can be obtained by setting « = 0. This 
leads to ghuu ~ sin“^ /? and ghvv ~ sin /? but since tan /? is large, sin /? ~ 1 and the couplings 
are very close to unity as in the decoupling limit. This is also the case of the couplings of the 
H boson, gHuu ~ 0 and gjj\^ ~ gnvv ~ cos 13 rsj 0, which are as in the decoupling regime. 

There is also another exceptional situation in which some Higgs boson coupling acciden¬ 
tally vanishes. In the parameterization of the radiative corrections of eq. (fTTTTIl . cos(/? — a) 
which governs the coupling of the heavier CP-even H boson to gauge bosons [and also the 
decoupling limit, the pattern of which is thus affected] is given by [104] 


cos(/? 


a] 


1 + 


AM 


11 


AMi2 


AM?2 


M|sin4/? 

2Ml 


+ 0 


Ml 

4.. 


(1.153) 


2 M|cos2/? 2Mfsin2/?^ 

which goes to zero for Ma 3> Mz- However, there is another possibility for cos(/? — a) 
to vanish, namely, that the hrst factor of eq. ()1.153j) is zero. At large tan (3 values, this 
happens independently of the value of Ma for tan /? = (2M| — AM?i + AM 22 )/AM? 2 - The 
occurrence of this phenomenon, called the Ma independent decoupling in Ref. [104], depends 
also on the various SUSY parameters which enter the AM? 


corrections. 
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Summary of the various regimes 


To illustrate and summarize the previous discussions, let us take as an example, the following 
quantitative requirements for the various regimes of the MSSM Higgs sector 


decoupling regime 
anti — decoupling regime 
intense — coupling regime 
vanishing — coupling regime 
intermediate — coupling regime 


cos^(/3 — a) < 0.05 
cos^(/9 — a) > 0.9 
9hbb > 30 

glbb <0.1 

Ma ^ 2Mz : gmt/9Hbb > 10 ^ 

Ma ^ 2 M 2 : complementary region (1.154) 


In the MA-tan(3 plane, these constraints result in the areas displayed in Fig. 1.12; in the 
way they are dehned, some of these regions overlap. The radiative corrections in the Higgs 
sector are implemented in the scenario described in the Appendix, except for the vanishing- 
coupling regime where we have set M 3 = M 2 = 2Mi = i/r = ^Ms = = 0.5 TeV, 

in such a way that indeed it occurs. Note that the intermediate-coupling regime is dehned 
here by requiring a strong enough Htt coupling only for Ma ^ SM^; below this mass range, 
we have simply included the complementary area not covered by the other regimes. 



Figure 1.12: Illustration for the various regimes of the MSSM Higgs sector as defined in the 
text in the tan [3-Ma plane. The radiative corrections are implemented in the usual scenario 
except for the vanishing-coupling regime where the parameters are as described in the text. 
The leftmost area is for the anti-decoupling, the one next to it for the intense-coupling, the 
area on the right is for the vanishing-coupling and the lower area is for the intermediate¬ 
coupling regimes; the rest of the plane is occupied by the decoupling regime. 
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1.4 Constraints on the MSSM Higgs sector 
1.4.1 Theoretical bounds on tan/3 and the Higgs masses 
Theoretical bounds on tan/3 

In the MSSM, tan jS is in principle a free parameter which can take arbitrary small or large 
valnes. However, from the requirement that the Higgs boson couplings to fermions should 
remain perturbative, one can attempt to impose constraints on this parameter. Recalling 
that the couplings of the pseudoscalar and charged Higgs bosons, as well as the coupling of 
the h (H) boson for small (large) values of M^, to isospin up-type and down-type fermions 
are proportional to, respectively, cot (3 and tan /3, and the value of the top and bottom quark 
masses rrit ~ 178 GeV and rni,{rnij) ~ 4.25 GeV, the condition that the Yukawa couplings of 
the third generation heavy quarks are smaller than, say \/4^, leads to 0.3 < tan/3 < 150. 
Nevertheless, this is only a guess since hrst, the quark masses are smaller at high scales such 
as Ma or Ms and second, perturbativity might hold even if the couplings are larger than 
2s/tt since the expansion parameter is in general Aj/(167r^) rather than Aj/(47r). 

However, in constrained MSSM models, perturbation theory indeed breaks down well 
before the limits on tan/3 given above are reached. In fact, in the minimal SUGRA model 
and more generally, in models with universal boundary conditions at the GUT scale, one 
obtains the much stronger condition [151] 

1 < tan/3 < mt/rrib (1.155) 


which, when applied at the SUSY scale Ms ~ 1 TeV, leads to 1 < tan/3 < 60. The bound 
follows from the minimization of the scalar Higgs potential which leads to the two relations 
of eq. (fTTOD which can be conveniently written as 


tan/3 


^2 

Vl 


ml + lM| 

ml + \Ml 


(1.156) 


The RGBs for the difference of the squares of the soft SUSY-breaking Higgs boson mass 
terms, retaining only the dominant top-quark Yukawa coupling, can be also rewritten as 


dlogQ 


{ml - ml) = 


^ \2p 

87r2^' ' 


Ft = ml + m?^ + ml^ + A: 


iL 




(1.157) 


with the boundary conditions at the GUT scale being ml{Mu) = ml{Mu). If one now 
assumes that tan/3 < 1, the observation that m^ 3> m^ implies that Xt oc mt/v 2 ^ Xt oc 
mb/vi, which incidentally makes that eq. ()1.157|1 is a rather good approximation. Solving the 
previous equation at the SUSY scale Ms, and since Ft > 0, one obtains mi > m2. However, 
from eq. (j1 .1 56j) . one should obtain tan/3 > 1 in this case, which is in contradiction with the 
starting assumption tan/3 < 1. Thus, tan/3 should be larger than unity. Similarly, including 
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in eq. ()1.157|1 the contribution of the bottom quark Yukawa coupling, one arrives at the 
conclusion that tan/? < mt/rrib at the SUSY scale [151]. 

Note that from the requirement of Yukawa coupling unihcation at the GUT scale, as 
predicted for instance in minimal SU(5) for the h and r couplings, one can put strong 
constraints on tan/? [152], For the value m* ~ 175 GeV and rhh{mh) ~ 4.25 GeV, the 
parameter is restricted to two narrow ranges, tan/?~ 1.5 and tan/? mt/mb 50-60 [153]. 

Bounds on 

As discussed previously, the mass of the lighter MSSM Higgs boson is bounded from 
above by Mz at tree-level, but loop corrections increase this bound by several tens of GeV. 
To obtain the maximal value of Mh-, one needs to choose the parameters which are relevant for 
the Higgs sector in such a way that the one-loop radiative corrections, e.g. e in eq. (I1.126j) . 
are maximized. In particular, one can obtain a very good approximation of the maximal Mh 
value when requiring: i) large values of the parameter tan/?, tan/? > 30; ii) a decoupling 
regime with a heavy pseudoscalar Higgs boson, Ma ~ (9(TeV); in) heavy stops, i.e. large 
Ms values^®; iv) a stop trilinear coupling such that Xt is close to +\/QMs. 

For instance, in the scenario of maximal mixing with a SUSY scale Ms = 2 TeV and 
M 2 — 2Mi = —p = IM 3 = ^Ms [that we more or less used in our previous discussion, and 
which is rather close to the benchmark point [135] used for LEP2 Higgs analyses that we 
will discuss later], one obtains for tan/? ~ 60 and Ma = 1 TeV, Mh^^"^ — 138 GeV when 
the central value of the top quark mass, mt = 178 GeV, is used. However, this bound is not 
yet fully optimized. In order to find the absolute maximal Mh value, one has still to vary 
in a reasonable range the SUSY parameters entering the radiative corrections and maximize 
the chargino/neutralino/gluino and non leading fermion/sfermion contributions. A full scan 
of the MSSM parameter space has been performed in Ref. [121] [see also [154]] , with the 
requirement that the set of SUSY parameters should fulhll all the known theoretical and 
experimental constraints, leading to the upper bound on the lighter Higgs boson mass 

^max _ ^44 Qgy Q^y (1.158) 

To obtain an even more conservative bound on Mh, one still has to include the theoretical as 
well as experimental uncertainties. In Ref. [121], the uncertainties due to the renormalization 
scheme dependence, the variation with the renormalization scale and the error from the 
approximation of using zero-momentum transfer in the two-loop radiative corrections to 
the Higgs masses, have been estimated to lead to a total error of AM/, ~ 3-4 GeV on the 
Higgs mass. Adding this theoretical uncertainty and using the la experimental upper bound 

^'^Note, however, that heavier stops correspond to more fine-tuning of the parameters in order to achieve 
the correct minimum of the Higgs potential and we choose Ms = 2 TeV as a maximal value. 
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Figure 1.13: The upper bound on in the pMSSM as a function oftan(3 as obtained from 
a full scan of the parameter space for the top quark mass values mt = 173.7, 178.0 and 182.3 
GeV. The thick dotted line on the top is for the conservative case, eg. mm- 

on the top quark mass, one obtain the maximum maximorum My, value 

~ 150 GeV for mt ~ 182 GeV (1.159) 

In Fig. 1.13, we display the variation of the upper bound on the lighter Higgs boson mass 
M/j in the pMSSM as a function of tan/5, that has resulted from the full scan of Ref. [121]. 
The full, dashed and dotted lines show the values of for the top mass values mt = 

173.7,178.0 and 182.3 GeV, respectively, while the thick dotted line on the top is for the 
conservative case where mt = 182.3 GeV is used and a 4 GeV theoretical error is added 
linearly. 

In constrained models, such as mSUGRA, GMSB and AMSB, the various parameters 
which enter the radiative corrections are not all independent, due to the relations between 
SUSY-breaking parameters that are set at the high-energy scale. In addition, the radiative 
electroweak symmetry breaking constraint must be fulhlled for each set of input parameters 
[in the pMSSM, this is automatic since Ma and /i are used as inputs]. Thus, in contrast 
with what occurs in the pMSSM, it is not possible to freely tune all relevant weak-scale 
parameters in order to get the maximal value of Mh eq. (I1.159j) . The obtained bounds on 
Mh from a full scan of the parameter space of the previous models are stricter [121,155-157]. 

Finally, note that there is in principle no constraint on the heavier H, A and bosons, 
which can be very heavy. In particular, contrary to the SM [158], there is no upper bound 
from perturbative unitarity since, at large masses, the heavier GP-even H boson will decou¬ 
ple from the W/Z bosons, gnvv ~ cos(/5 — a) —0, and the pseudoscalar A and charged 

68 


















particles do not couple to gauge boson pairs; the CP-odd and charged Higgs boson couplings 
to respectively, hZ and hW, are also proportional to this factor and vanish in the decoupling 
limit. In addition, in contrast to the SM where the self-couplings are proportional to 
the trilinear and quartic Higgs couplings in the MSSM are all proportional to the gauge 
couplings and never become large; in fact, they all tend to either zero or ibl when expressed 
in units of M|/n, as seen in §1.3.3. Nevertheless, since these particles are the remnants of 
the electroweak symmetry breaking which occurs at the Fermi scale, they are expected to 
have masses not too far from this scale, i.e. Mh,a,h± ^ C>(1 TeV). 

1.4.2 Constraints from direct Higgs searches 
The neutral Higgs bosons 

The search for the Higgs bosons was the main motivation for extending the LEP2 energy up 
to y/s ~ 209 GeV [159]. At these energies, there are two main processes for the production 
of the neutral Higgs bosons of the MSSM: the Higgs-strahlung process [158,160-162] already 
discussed in the SM Higgs case [see §1.4.2], and the associated production of CP-even and 
CP-odd Higgs bosons [163,164]; Fig. 1.14. In the case of the lighter h particle, denoting the 
SM Higgs cross section by ctsm, the production cross sections are given by 


a{e'^e —>■ hZ) 
a{e^e~ —> hA) 


9^zz 

9hAz <7sM(e’^e 


hZ) 
hZ) X 




^zhi^'zh + t2M|/s) 


(1.160) 


where Xij = (1 — Mf /s — Mf /— 4MfM|/s^ is the two-body phase space function; the 
additional factor for the last process accounts for the fact that two spin-zero particles are 
produced and the cross section should be proportional to as discussed in §1.4.2.2. 
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Figure 1.14-' Diagrams for MSSM neutral Higgs production at LEP2 energies. 

Since g\hz — cos^(/3 — a) while glzz — sin^(/3 — a), the processes > hZ and 

> hA are complementary^^. In the decoupling limit, Ma 3 > Mz, a{e'^e~ —>■ hA) 
vanishes since g^Az ~ 0 while a{e'^e~ —>■ hZ) approaches the SM limit since g\zz ~ 

will be discussed in the next section, this remark can be extended to the heavier CP-even Higgs 
boson and the complementarity is doubled in this case: there is one between the processes e“'"e“ —f HZ and 
e+e“ —> HA as for the h boson, but there is also a complementarity between the production of the h and 
H bosons. The radiative corrections to these processes will also be discussed in §4.1. 
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turn, for low Ma values, a{e^e~ —> hZ) is small but the cross section a{e'^e~ —> hA) becomes 
maximal. In fact, the sum of the cross sections of the two processes is approximately equal 
to that the production of a SM Higgs boson with a mass equal to almost independently 
of the value of Ma, except near the phase-space boundary. This is exemplihed in Fig. 1.15, 
where the production cross sections are shown at a c.m. energy ^/s = 209 GeV as a function 
of Mh for the two values tan jS = 3 and 30 in the no mixing and maximal mixing scenarios 
[the other parameters are as in Fig. 1.7]. The H boson is too heavy to be produced in the 
process > HZ, but for small Ma values the process > HA is possible. 

The decays of the MSSM Higgs bosons will be discussed in the next section; we simply 
note at this stage that for large values of Ma the h boson will have SM-like decays, while 
for small Ma and tan/3 > 5 both h and A will mainly decay into bb and hnal states 

with branching fractions of, respectively, ~ 90% and ~ 10%. 
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Figure 1.15: The production cross sections for the neutral MSSM Higgs bosons at LEP2 as 
a function of M^.h for tan/3 = 3 and 30 in the no mixing (left) and maximal mixing (right) 
scenarios. The c.m. energy is fixed to y/s = 209 GeV. 

In the SM, a lower bound Mh^m > 114.4 GeV has been set at the 95% conhdence level, by 
investigating the Higgs-strahlung process, > ZH^yi [165]. In the MSSM, this bound 

is valid for the lighter GP-even Higgs particle h if its coupling to the Z boson is SM-like, 
i.e. if g%zh — ^ [when we are almost in the decoupling regime] or in the less likely case of 
the heavier H particle if g‘zzH = cos^(/3 — a) ~ 1 [i.e. in the anti-decoupling regime with a 
rather light Ma] ■ Almost the same bound can be obtained independently of the Higgs boson 
decay products, by looking at the recoil mass against the Z boson. 
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The complementary search of the neutral Higgs bosons in the associated production 
processes e’''e“ —*■ hA and HA, allowed the LEP collaborations to set the following combined 
95% CL limits on the h and A boson masses [166] 

M/i > 91.0 GeV and > 91.9 GeV (1.161) 

These bounds^^ are obtained in the limit where the coupling of the Z boson to hA pairs is 
maximal, QzhA = cos^(/9 — a) ~ 1, i.e. in the anti-decoupling regime and for large values 
of tan/3. It is lower than the one from Higgs-strahlung, due to the less distinctive signal, 
46, 26 + 2r or 4r final states, and the suppression for spin-zero particle pair production^^. 

Deriving a precise bound on for arbitrary values of and tan jS [i.e. not only in the 
decoupling and anti-decoupling limits] and hence, for all possible values of the angle a, is 
more complicated since one has to combine results from two different production channels. 
Nevertheless, exclusion plots for sin^(/3 — a) versus from the Higgs-strahlung process 
[and which can be used to constrain the mass of the H boson if sin^(/3 — a) is replaced by 
cos^(/9 — a)] and cos^(/9 — a) versus Ma + [with ~ Ma\ from the pair production 
processes, have been given by the LEP collaborations [165,167] and are shown in Fig. 1.16. 

These plots can be turned into exclusion regions in the MSSM parameter space. This is 
shown for the tan/3-M/i (left) and tan/3-M^ planes in Fig. 1.17 where the maximal mixing 
scenario is chosen with Ms = 1 TeV [rather than Ms = 2 TeV used in our discussion] and 
rrit = 179.3 GeV, which is close to the experimental value rat = 178 GeV; tan (3 is also allowed 
to be less than unity. As can be seen, with these specific assumptions, a significant portion of 
the parameter space is excluded for the maximal mixing scenario; values 0.9 < tan/3 <1.5 
are ruled out at the 95% GL. The exclusion regions are of course much larger in the no¬ 
mixing scenario since is smaller by approximately 20 GeV and not far the value that 

is experimentally excluded at LEP2 in the decoupling limit, M^ > 114.4 GeV. As shown 
in the lower left panel, only a small portion of the M/i-tan/3 remains allowed in this case, 
resulting into a 95% GL exclusion of the range 0.4 < tan/3 < 5.6. 

These constraints on tan /3 can be relaxed first by taking a larger value of the top quark 
mass and second, by maximizing further the radiative corrections [for instance by increasing 

^^These mass bounds depend slightly on the chosen scenario and, in particular, on the mixing in the stop 
sector. A recent analysis [167], performed with nit = 179.3 GeV [which is closer to the current experimental 
value than the one, mt = 175 GeV, used in the analysis [166] which led to the limits shown above] gives 
the lower bounds: Mh > 92.9 (93.3) GeV and Ma > 93.4 (93.3) GeV for the maximal (no) mixing scenario. 
In addition, Monte-Carlo simulations in the absence of a signal give expectations for the limits which are 
~ 2 GeV higher than the previous mass values. Note also that besides the known ~ 1.5 excess of events at 
a mass of ~ 115 GeV compared to SM backgrounds, there is also a ~ 2 (t excess pointing toward a Higgs 
boson with a mass of ~ 100 GeV. Although the total signihcance is still small, this feature has triggered 
discussions about the fact that both h and H bosons might have been already observed at LEP2 [168]. 

^^Note that the Yukawa processes e“''e“ —*■ bb/ + h, A or e“''e“ ^ rr/ + h,A [169] which can have significant 
rates at large tan/3 have been also searched for [170]. 
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Figure 1.16: The 95% bounds on the factors sin^{(5 — a) (left) and cos^{(3 — a) (right) from 
searches at LEP2 in the Higgs-strahlung and associated hA production channels. The Higgs 
bosons are assumed to decay into bb and as predicted in the MSSM. The lines represent 
the observed limit and the one expected for the background, while the dark (light) bands are 
for the 68% (95%) probability bands; from Ref. [167]. 


the SUSY scale to 2 TeV]; the constraints are even more relaxed when the expected the¬ 
oretical error on the value of is added. In fact, to obtain the absolute lower limit on 
the parameter tan /3, one needs to perform the same analysis as for the determination of the 
maximal Mh value discussed in the previous subsection. Fig. 1.13, which displays the vari¬ 
ation of the upper bound on Mh in the pMSSM as a function of tan (3, and which has been 
obtained from a full scan of the MSSM parameter space, shows in fact these constraints. As 
can be seen from this hgure, for the default value m* = 178 GeV, the LEP2 bound of 114.4 
GeV on Mh is always satished and therefore, no absolute bound on tan/3 [provided that it 
is larger than unity] can be derived in the pMSSM. 


This is of course also the case for the larger top mass value mt = 182.3 GeV and, a 
fortiori, for the conservative case in which a theoretical error is taken into account, where all 
values 1 < tan/3 < 60 are allowed by the LEP2 constraint. Only in the case of a lighter top 
quark, Mt = 173.7 GeV, the range tan/3 < 1.6 is excluded by the requirement Mh > 114.4 
GeV. However, if a theoretical error of 4 GeV on Mh is included [meaning, in practice, that 
the LEP2 Higgs mass bound translates to the bound Mh > 110.4 GeV on the prediction 
obtained without including the theoretical error], again, no bound on the parameter tan/3 
can be obtained from the LEP2 constraint. [In constrained models, values tan/3 < 2 might 
be excluded, since there is less freedom for the tuning of the parameters [121,155-157].] 


Note that searches for the neutral Higgs bosons have also been performed at the Tevatron 
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Figure 1.17: 95% CL contours in the tan j3-Mh (left) and tan/3-M^ (right) planes excluded 
by the negative searches of MSSM neutral Higgs bosons at LEP2, from Ref. [167]. They 
are displayed in the maximal mixing (top figures) and no-mixing (lower figures) scenarios 
with Ms = 1 TeV and mt = 179.3 GeV. The dashed lines indicate the boundaries that are 
excluded on the basis of Monte-Carlo simulations in the absence of a signal. 


[171,172] but the obtained bounds are not yet competitive with those discussed above. 


The charged Higgs boson 

In collisions, the production of a pair of charged Higgs bosons [163,173] proceeds 

through virtual photon and Z boson exchange; Fig. 1.18a. The cross section depends only 
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on the charged Higgs boson mass and on no other unknown parameter; it is given by 


cr(e^ 
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Trail's') 
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2aeVeVH , (Og + vl)v 
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2 1 
H 




(1.162) 


l-M|/s (l-M|/s)2_ 

with the standard Z charges Ve = (—1 + 4s^)/4cvi/Sw; Oe = —l/4cvi/Sw and vh = (—1 + 
2sly)/2cwSw-, and Ph± = (1 ~ 4M^±/s)^/^ being the velocity of the bosons. The QED 
coupling constant should be evaluated at the scale s, giving a ~ 1/128. The cross section 
at a c.m. energy ^/s = 209 GeV is shown in the right-hand side of Fig. 1.19 as a function 
of Mh±- It is rather large except near the kinematical threshold where it drops steeply as a 
consequence of the j3^ suppression factor for spin-zero particle production near threshold. 



Figure 1.18: Diagrams for charged Higgs production at LEP2 and the Tevatron. 

For Mh± ^ 130 GeV, the bosons will decay mainly into tv and cs final states as will 
be seen later. The former decay is dominant at large values of tan jS since the couplings to 
r-leptons are strongly enhanced. Searches for the charged Higgs boson in these two decay 
modes have been performed at LEP2 [174,175]. An absolute bound of Mh± > 79.3 GeV 
has been set by the ALEPH collaboration, independently of the relative magnitude of the 
TV and cs branching ratios. If BR(i7^ — tv) is close to unity, as is the case for tan/3 S> 1, 
the bound extends to Mh± > 87.8 GeV, while for very low values of tan/3 when the decay 
—»• cs is dominant, the bound becomes Mh± > 80.4 GeV; see the right-hand side of 
Fig. 1.19. Slightly lower bounds have been obtained by the other LEP collaborations. 

Note that in the MSSM, the charged Higgs boson mass is constrained to be Mh± = 
■\/[which can be relaxed by radiative corrections but only very slightly]. In view 
of the absolute lower bound on the mass of the pseudoscalar Higgs boson, Ma > 92 GeV, this 
implies that Mh± > 122 GeV. Therefore, the previous bounds derived from LEP2 searches 
do not provide any additional constraint in the MSSM. 

The charged Higgs particles have also been searched at the Tevatron [176,177] in the 
decays of the heavy top quark; Fig. 1.18b. Indeed, if Mh± < ~ 170 GeV, the decay 

t — bH~^ can occur [178,179]. Gompared to the dominant standard top-quark decay mode 
t —>■ bW~^, the branching ratio is given at leading order^'^ by 

P(t ^ bH+) _ {ml + ml- Ml±){rh^ cot^/3 + mg tan^/3) + 4mgm^ b;t 
T{t-^bW+) M^(m? + m2-2M^) + (m2-m2)2 

^^This process, including the radiative corrections, will be discussed in more detail in the next section. 
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Figure 1.19: The cross section for the production of charged Higgs boson pairs at LEP2 
at a c.m. energy of y/s = 209 GeV (left) and the constraint on Mh± as a function of 
BR{H^ —> Tp) from the negative searches of the ALEPH collaboration at LEP2 [175] (right). 


The branching ratio BR(t —»■ hH^) is shown in the left-hand side of Fig. 1.20 as a function of 
tan/5 for three values Mh± = 120,140 and 160 GeV. As can be seen, the branching ratio is 
large only for rather small, tan/5 < 3, and large, tan/5 > 30, values when the H^th coupling 
is strongly enhanced. 

These decays have been searched for at the Tevatron by the CDF and D0 collaborations 
in two ways: (/) directly by looking for > tv decays using r identihcation via its 

hadronic decays; this search is thus sensitive only in the large tan/5 region [177], and (ii) 
indirectly by looking for a suppression of the SM decay mode [176] . The second method 
turned out to be more powerful and the limits in the tan (3-Mh± plane obtained by the CDF 
and D0 collaborations are shown in the right-hand side of Fig. 1.20. As can be seen, it is 
only for Mh± < 140 GeV and only for tan /5 values below unity and above 60 [i.e. outside 
the theoretically favored tan /5 range in the MSSM] that the constraints are obtained. 

1.4.3 Indirect constraints from precision measurements 

Indirect constraints on the parameters of the MSSM Higgs sector, in particular on Ma and 
tan/5, come from the high-precision data. Among these are the measurements of the p 
parameter, the decay Z —>■ 66, the muon anomalous magnetic moment {g^ — 2) and some 
measurements in the B system, such as the radiative decay 6 —> sy. In discussing these 
individual constraints, we will not consider the contributions of the SUSY particles that we 
will assume to be rather heavy [the global £t including these contributions will be commented 
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Figure 1.20: The hranehing ratio for the decay t —> bH^ as a function of tan (3 for several 
values of Mh± and for mt = 178 GeV (left) and the tan(5-MH± parameter space excluded 
by the CDF and DO collaborations from the non-observation of these decays [180] (right). 

upon at the end]. It will be instructive to consider not only the decoupling limit, but also 
the anti-decoupling regime where ~ Ma for tan/3 S> 1. 

The p parameter 

As discussed in §1.1.2, precision measurements constrain the New Physics contributions to 
the electroweak observables to be rather small. In particular, the shift in the p parameter 
is required to be < 10“^ at the la level [1,2]. The contribution of the MSSM Higgs 

bosons to the p parameter can be written as [81] 
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with the two functions /i and /2 given by [81] 
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The contributions through the function fi are those where the CP-even Higgs bosons are 
exchanged together with W/Z bosons in the loops, while the contributions through the 
function /2 account for those where two Higgs MSSM bosons are exchanged. In the latter 
case, one notices that f 2 {x,x) = 0 so that only loops which involve particles which have a 
large mass splitting will contribute significantly. 

In the decoupling limit, all the A, H and bosons are heavy and degenerate in mass, 
Mh Mh± Ma, while the mass of the lighter Higgs boson reaches its maximal value, 
Mf, rsj ~ Me- In addition, one has cos^(/3 — a) —> 0 and sin^(/3 — a) —> 1. In this case, 

one obtains for the MSSM Higgs boson contributions to Ap 

= -3G^M^/(8v^7r2)/i(M2/M|) (1.166) 

which is simply the contribution of the SM Higgs boson with a mass = Mq that is very 

close to the Higgs mass, = 0(100 GeV), favored by the global fits to the electroweak 

precision data [2]. 

In the opposite limit, Ma ~ Mz-, the most important contribution is the one involving the 
H boson which has SM-like couplings and a mass — Mq- The additional contribution, 

Ap“SrsM = -G„M5,/(4v^ir^)/2(Mj*/iV4. (1.167) 

is always extremely small since, in this case, the mass difference between the and A 
bosons is not large enough. For Ma ~ 90 GeV and tan/3 = 50, one obtains ~ 

-0.5 ■ 10-h 

The Zbb vertex 

An observable where the MSSM Higgs sector can in principle have sizable effects is the Z 
boson decay into bb final states. The neutral Higgs particles h, H, A as well as the charged 
bosons can be exchanged in the Zbh vertex [181,182], and can alter the values of the partial 
decay width r{Z —> bh) [or equivalently the ratio Rb = T{Z —>■ bb)/r{Z hadrons)] and the 
forward-backward asymmetry A’^p^. In the decoupling limit, the H,A and bosons are 
too heavy and only the h boson will contribute to the vertex and, as as discussed in §1.1.3 
for the SM case, this contribution is rather small as a result of the tiny hbh Yukawa coupling. 
However, in the opposite (anti-decoupling) limit Ma ~ Mz and for large values of tan /3, for 
which the Higgs boson couplings to b quarks are strongly enhanced, the contributions could 
in principle be much larger. 

The analytical expressions of the MSSM neutral (N) and charged (G) Higgs boson con¬ 
tributions to the left- and right-handed Z couplings to bottom quarks, — efs"^ 

^9r/l = ^9r/l\n + bgp/p\c (1.168) 
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are rather involved. These expressions simplify in the limit where the Higgs masses are 
much larger than the momentum transfer Q = Mz- This is certainly a good approximation 
in the case of the H, A and bosons on the way to the decoupling limit, but it can 
also be extended to the case of the h and A bosons for masses close to the maximal value 
= 130-140 GeV. Setting ~ 0, one obtains for the contributions of the MSSM Higgs 
sector to the Zbb couplings at large tan f3 values [182] 


e b I /^2mbtan/3\2 


sm^ afi(-j^) + cos^ afi I —^ 1 
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where the two functions /i and /2 are given by 




/l(x) = 1 + ^^^logx , / 2 (x) = ^ 


21-x 


X 


1 + 
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logx 


(1.169) 


(1.170) 


[For small tan jS values, only a not too heavy charged Higgs boson could have sizable effects 
in the vertex and its contribution can be obtained by simply replacing in the expression of 
above mi, tan (3 by mt cot /?.] 

In view of the experimental values Rb = 0.21653 ± 0.00069 and = 0.099 ± 0.002, the 
virtual effects of the MSSM Higgs bosons should be, in relative size, of the order of 0.3% in 
Rb and 2% in to be detectable. This is far from being the case: even for tan/3 ~ 50 
and Ma ~ 90 GeV [where the full analytical expressions, that is for = M|, have been 
used], the contributions are respectively, ARb/Rb ~ -10“^ and ~ 2.5-10-3. The 

discrepancy between the SM and experimental values of can thus not be attributed to 
the MSSM Higgs sector^3_ 


g—2 of the muon 

The precise measurement of the anomalous magnetic moment of the muon performed in the 
recent years at BNL [184] 


a^ = g^,- 2 = 11659202(20) ■ lO’^^ (1-171) 

is roughly in accord with the SM prediction [185] and provides very stringent tests of models 
of New Physics. In the MSSM, the Higgs sector will contribute to through loops involving 
the exchange of the neutral Higgs bosons h, H and A with muons and the exchange of charged 

^^Note that this discrepancy cannot be explained also by the chargino-stop loop contributions to the Zbh 
vertex in the MSSM. These contributions can be much larger than the ones due to the Higgs sector for 
small enough sparticle masses [183] but, once the experimental limits on the ti masses eq. (11 ..1411 

are imposed, they are too small. A large SUSY contribution to would have affected anyway Rb in an 
unacceptable way. 
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Higgs bosons with neutrinos. The contributions are sizable only for large values of tan (3 
for which the and couplings are enhanced; for an analysis, see Ref. [186]. 

Taking into account only the leading, oc tan^ f3, contributions [i.e. neglecting the contri¬ 
bution of the SM-like CP-even Higgs boson $//] and working in the limit Ma Mh Mz 
and large values of tan /3, one obtains for the MSSM Higgs sector contribution to 


^Higgs ^ 
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247r2y2 
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This generates a contribution ~ 5 ■ 10 for tan/3 ~ 50 and Ma 

too small to lead to any new constraint on the Higgs sector. 


(1.172) 
90 GeV, i.e. far 


The decay b ^ s'y 

In the radiative and flavor changing b ^ sj transition, in addition to the main SM contri¬ 
bution built-up by W boson and top quark loops, the virtual exchange of charged Higgs 
bosons and top quarks can signihcantly contribute in the MSSM, together with SUSY par¬ 
ticle loops [187]. Since SM and MSSM Higgs contributions appear at the same order of 
perturbation theory, the measurement of the inclusive branching ratio of the B —>■ Xgj 
decay is a very powerful tool for constraining the charged Higgs boson mass [188,189]. 

The recent measurement by the Belle collaboration of the branching ratio with a cut-off 
> 1.8 GeV on the photon energy as measured in the R-meson rest frame [189] 

BR(6 ^ sy) lexp = (3.38 ± 0.30 ± 0.29) ■ 10"^ (1.173) 


is in a good agreement with a recent renormalization group improved calculation of the 
branching fraction in the SM BR(6 —»■ s7)|sm = (3.44 ± 0.53 ± 0.35) ■ 10“"^ [190], where 
the hrst and second errors are an estimate of, respectively, the theoretical and parametric 
uncertainties. The difference between the two values, BRexp — BRsm ^ 1-4 ■ 10“"^ at 95% 
GL, can be used to constrain the size of non-standard contributions. If only the one due to 
an MSSM boson is taken into account, one arrives when including the dominant QGD 
radiative corrections to the decay rate, at the constraint Mh± ^ 200 GeV [190]. 

However, it is well known that in the MSSM, additional contributions can be very impor¬ 
tant. In particular, the chargino-stop loop contributions are sizable and can have both signs; 
they can thus interfere destructively with the loop contribution and the previous bound 
on Mh± can be evaded. This cancellation phenomenon actually occurs in many observables 
in the R-system as well as in iG-physics and, in general, one cannot consider only the Higgs 
sector of the MSSM but also the SUSY sector. For an account of the various constraints on 
the MSSM from heavy flavor physics^®, see Ref. [192]. 

^®Note that near future searches, in particular at the Tevatron Run II, will start to be sensitive to the 
decay Bg —> which has a rate that is enhanced oc tan®/3 at large tan/3 values [191]. 
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The sparticle contributions and a summary of the constraints 


Finally, let us make a brief comment on the contributions of the SUSY particles to the high 
precision data and summarize this discussion. A global £t to all electroweak data has been 
performed within the full MSSM in Ref. [193]. The results are shown in Fig. 1.21 where 
the predictions in the SM and in the MSSM for both the unconstrained and constrained 
[the mSUGRA model denoted by CMSSM] cases with tan/3 = 35 are compared with the 
experimental data. As can be seen, there is no signihcant deviation in addition to those in 
the SM. In fact, the MSSM predictions for My/ and — 2 are in better agreement with 
the data than in the SM; slight improvements also occur for the total width Tz and for the 
decay b —> s'j. In turn, for the MSSM does not improve on the ~ 3cr deviation of the 
measurement. For rrit = 175 GeV, the global £t in the MSSM has a lower value than in 
the SM and the overall ht probability is slightly better in the MSSM than in the SM. 
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Figure 1.21: The predictions in the SM, the MSSM and the mSUGRA scenario (CMSSM) 
are compared with the high precision data. Deviations between theory and experiment are 
indicated in units of one standard deviation of the experimental results; from Ref. [193]. 
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2 Higgs decays and other phenomenological aspects 


Contrary to the SM case, where they are fully determined once the Higgs boson mass is 
fixed, the decay rates [and the production cross sections] of the MSSM Higgs bosons depend 
to a large extent on their couplings to fermions and gauge bosons as well as their self¬ 
couplings. The most important couplings in this context have been summarized in Table 
1.5, when normalized to those of the SM Higgs boson, and the masses of the fermions and 
gauge bosons which enter these mechanisms have been collected in the Appendix. 

The most important decay modes of the neutral MSSM Higgs bosons are in general 
simply those of the SM Higgs particle which have been discussed in detail in the first part 
of this review; §1.2. As already seen, in the decoupling limit, the MSSM Higgs sector 
effectively reduces to the SM Higgs sector and all the features discussed for a light SM Higgs 
boson, with a mass in the range ~ 100-150 GeV, will hold for the lighter CP-even Higgs 
particle. However, for the other Higgs bosons and even for the h boson outside the decoupling 
regime, there can be major differences compared to the SM case. For instance, the presence 
of additional Higgs particles will induce new decay modes, which especially occur in the 
intermediate-coupling regime. Another major difference occurs for large tan/? values when 
the Higgs boson couplings to down-type fermions are strongly enhanced; the bottom quark 
and the r lepton will then play a much more important role than in the SM Higgs sector. 
Most of the analytical material needed to describe these channels has been given in part 
I, since we have also discussed sometimes the case of a CP-odd Higgs boson that we have 
confronted with the SM Higgs case. In this section, we thus present only the additional 
material specihc to the MSSM, but in some cases and when important, the discussions held 
earlier will be summarized for completeness. The situation is of course different in the case 
of the charged Higgs particle, which is the most distinctive signature of the extension of 
the Higgs sector. The decay modes, although formally similar to those of the neutral Higgs 
particles, are in general slightly more complicated since for the two-body modes for instance, 
they involve two different particles in the final state. New analytical material will therefore 
be needed for these processes and will be given whenever appropriate. 

Another major difference between the SM and MSSM cases is the presence of the addi¬ 
tional SUSY particle spectrum. Of course, one can decouple this spectrum from the Higgs 
sector by assuming that all SUSY particles are very heavy, and this is what we will do in a 
first step. However, in view of the lower bounds on the various SUSY particles from the neg¬ 
ative searches performed at LEP2 and the Tevatron, eq. (IT3^ . at least the lighter charginos 
and neutralinos, and possibly sleptons and third generation squarks, can be light enough to 
affect the decays of the MSSM Higgs bosons. We will thus summarize the main effects of 
such relatively light particles either directly, when they appear as final states in the decay 
processes, or indirectly, when they alter the standard decays through loop contributions. 
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If the SUSY particles are heavy, but still within the kinematical reach of future colliders, 
one could have a new source for MSSM Higgs bosons: the production from the decays of these 
particles. The branching rates for decays of heavier charginos and neutralinos into lighter 
ones and Higgs bosons can be substantial, and decays of heavier third generation squarks 
into lighter ones plus Higgs bosons can also be important in some cases. In addition, the 
charged Higgs particle, if light enough, can be produced in decays of the heavy top quark, 
the latter being produced either directly in pp/pp or e’''e“ collisions, or from the cascade 
decays of strongly interacting SUSY particles. We find it more convenient not to postpone 
the discussion of these decays to the next two chapters where MSSM Higgs production will 
be discussed, since these decay processes do not depend on the considered collider. 

In the following, we first summarize the main qualitative differences between the SM and 
MSSM Higgs boson decay processes, paying a special attention to the case of the charged 
Higgs boson and to the effect of the extended Higgs sector and the SUSY particle spectrum. 
We give some numerical illustrations of the magnitude of the rates in the different regimes 
discussed earlier^^ as well as in the SUSY regime. We then analyze MSSM Higgs production 
from SUSY particle decays. In the last section, we briefly address a subject that is more 
related to cosmology than to collider physics: the important role played by the MSSM Higgs 
sector in the determination of the relic density and detection rates of the SUSY particle 
candidate for the Dark Matter in the universe, the LSP neutralino. 

For the radiative corrections to the specific processes, we briefly discuss the QCD ones 
and summarize the main effects of the electroweak corrections when important, without 
going into too many details [most of the material which is needed was already given in part 
I of this review]. The important corrections specific to the MSSM Higgs sector have been 
presented in the previous chapter. In the numerical analyses where a choice for the various 
SUSY parameters is needed, we adopt in most cases the benchmark scenario given in the 
Appendix, where the mixing in the stop sector is maximal with Ms = 2 TeV and which is 
close to the one already used in the analysis of the Higgs masses and couplings. Figs. 1.7- 
1.11. The basic inputs will be M^, to be varied from its experimental lower bound to the 
decoupling limit of 1 TeV, and tan jS which will be in general fixed to a low and large value, 
tan jS = 3 and 30. However, in some specific cases, for instance when we discuss the effects of 
SUSY particles, we will adopt different scenarios which will be then indicated, and in which 
we will try to comply with the bounds on the SUSY particle and MSSM Higgs boson masses 
discussed, respectively, in §1.1.7 and §1.4. Finally, most of the numerical illustrations given 
in this section will be made with the code HDECAY [129]; in particular and unless otherwise 
stated, the updated hgures presented in this chapter will be based on this program. 

^"^In some cases, we will discuss processes that are now obsolete, such as the H AA two-body decays, 
or regions of the parameter space, such as Ma < Mz, which are ruled out by the LEP2 searches. However, 
since these situations might occur in extensions of the MSSM, they will be worth mentioning. 
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2.1 MSSM Higgs decays into SM and Higgs particles 

2.1.1 Higgs decays into fermions 
Neutral Higgs decays 


The partial decay width of a neutral Higgs boson ^ = h, H, A into fermion pairs is given in 
the Born approximation, Fig. 2.1a, by [38,194] 

— Cj Tfl^ 

r( 4 -.//) = (2.1) 

where /3/ = (1 — and p = 3 (1) for the CP-even (odd) Higgs boson; the Higgs 

couplings gq,ff normalized to the SM Higgs couplings are listed in Table 1.5. 



Figure 2.1: Feynman diagrams for 2 and 3-body decays of neutral Higgs bosons into fermions. 


For final state quarks, one has to include the important QCD corrections [195-198] and 
for the light quarks, the running masses defined at the scale of the Higgs masses [which have 
been discussed in §1.1.1.4] have to be adopted to absorb the bulk of these corrections. If the 
DR scheme is to be used, the running quark masses have to be expressed in terms of the 
usual MS masses as in eq. dLlH). For bottom and charm quarks and for ~ 100-1000 
GeV [the running between the two scales is mild], this results in a decrease of the partial 
decay widths by roughly a factor of two and four, respectively, as in the SM Higgs case. 


The additional direct QCD corrections to the light quark Higgs decays are given by 

3G 

- "N. 


F(<F ^ qq) = 


4^2 


^ p|ggM4,m2(M|) 
TT 


1 + ^qq + 


( 2 . 2 ) 


where, as usual, the strong coupling constant = as{M^) as well as the running masses 
rnq{M^), are defined at the scale M$. In the chiral limit ^ mg, the coefficient Agg is 
the same for CP-odd and CP-even particles and has been discussed in §1.2.1, 


Agg = 5.67d,/7r + (35.94 - 1.36Nf)al/TT^ ■ ■ ■ (2.3) 

The additional corrections A| of 0(0^) involve logarithms of the light quark and top quark 
masses and thus break chiral symmetry. In the case of the CP-even Ft = h,H and CP-odd 
A bosons, they read at 0{al) [65,66] 
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There are also radiative corrections that are due to SUSY particles. Those affecting the 
third generation fermion masses, which can be very important in particular in the case 
of the bottom quark at high values of tan/3, can be directly implemented in the Yukawa 
couplings together with the radiative corrections from the MSSM Higgs sector, as discussed 
in §1.3. The additional electroweak and QCD radiative corrections to the partial decay 
widths r(<f) —»■ //), which originate from the direct contribution of SUSY particle loops 
to the decay vertices, have been calculated in Refs. [109,150,199-201] and reviewed very 
recently in Ref. [105]; they are rather small and they will be neglected in our analysis. The 
only exception will be the gluino effects that we will discuss in the next section. 

For the decays of the heavier neutral ^ = H and A bosons into top quark pairs, the one 
loop standard QCD corrections may be written as 


r(<F = 


3G„ 


Ay/2- 
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(2.5) 


where the correction factors A|,(/3i), which are different in the CP-even and CP-odd cases 
[196,197] as rrit / 0, are given by 


A^(/3) = -H(/3) +^(3+ 34/32-13/3^) log 




16/33 


1 + /3 
1-/3 ' 8/32 


+ 


,( 7 / 32 - 1 ) 


K'M = ^^(/3) + Y^(19 + 2/3" + 3+log]^+g(7-/32) 
where, using the abbreviation xg = {1 — (3)/{1 + /3), the function H(/3) is given by 


( 2 . 6 ) 




4Li2(x^) + 2Li2 {-xg) + 3 log xg log + 2 log xg log (5 


-3/3 log (2.7) 


The two-loop QCD corrections have been evaluated in Ref. [202] in both the CP-even and 
CP-odd cases, but the electroweak corrections have not been studied in detail. Additional 
SUSY contributions are also present, but the dominant ones are those which affect the quark 
mass discussed earlier and which, again, can be mapped into the Yukawa couplings. 


Finally, for masses slightly below the tt threshold, the heavier CP-even and the CP- 
odd Higgs bosons can decay into one on-shell and one off-shell top quarks, H/A^tt* —> 
thW [203-205]. Although there are additional contributions compared to the SM case, the 
amplitude is dominated by the contribution of Fig. 2.1b where the virtual top quark is nearly 
on-shell. In this case, the Dalitz density for both $ = 77, A decays can be written as 


dF 


dxida:2 


($ ^ U* 


3C'2 

thW-) = ^^gl,,Mlml 


F* 
J- $ 


yi + 


( 2 . 8 ) 


with the reduced energies 0 : 1,2 = the scaling variables //i ,2 = 1 — 2 : 1 , 2 , = Mf /M‘1 

and the reduced decay width of the virtual top quark 7 ^ = F2/M|. The squared amplitudes. 
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which are again different for H/A decays, read in the scalar and pseudoscalar Higgs cases [203] 

Ta = i/i(i -yi-y2 + K.w- Kt) + 2Kwiyiy2 - k.w) - f^tiym - ‘2yi - kw- f^t) 

= yl{l-yi-y2 +Kw -^Kt)+2Kw{yiy2-K-W -‘^K,tyi + 4 :KtKw) 

-K-tym + Kt(l - 4:Kt){2yi + Kw + Kt) (2.9) 

For both the H and A bosons, the below-threshold branching ratios are significant only for 
relatively small tan (3 values and very close to the ti threshold. 

The preceding discussion on the neutral MSSM Higgs decays into c, b and t quarks is 
summarized in Fig. 2.2 where the partial decay widths for the three decays are shown as 
a function of the Higgs masses. The value of tan/3 is hxed to tan/3 = 3 for all decays. 
The partial widths are shown in the Born approximation with the pole quark masses, in 
the approximation where the running quark masses at the scale of the Higgs masses are 
used instead, and in the case where the full set of standard QCD corrections has been taken 
into account [in all cases, and in particular for b quarks where they can be important, the 
SUSY-QCD corrections are ignored at this stage]. For H/A decays into ti hnal states, the 
effect of allowing one of the top quarks to be off-shell is also displayed. 


r($ ^ cc) [MeV] r($ ^ bb) [MeV] r($ ^ ii) [GeV] 



Figure 2.2: The partial widths of the neutral MSSM Higgs bosons into cc,bb and ti as a 
function of their masses for tan (3 = 3 in the various approximations described in the text. 
The pole guark masses have been chosen to he me = 1.64 GeV, = 4.88 GeV and mt = 178 
GeV and the QGD coupling constant is normalized to as{Mz) = 0.1172. 
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Charged Higgs decays 


The charged Higgs bosons decay into charged lepton and neutrino pairs, Fig. 2.3a, with a 
partial width [178] 



( 2 . 10 ) 


Figure 2.3: Two-and three-body decays of the charged Higgs boson into fermions. 


In the case of charged Higgs particle decays into quarks, > ud with the notation of 
the hrst generation quarks, retaining the masses of both the up-type and down-type quarks 
and including the full one-loop standard QCD corrections [197,206], one obtains for the 
partial width [197] 
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( 2 . 11 ) 


where fii = and A = (1 — /i„ — — 4/i„/irf; the quark masses are the pole 

masses at this stage and Vud is the CKM matrix element. 

The QCD factors A^. {i,j = u, d) are given by 
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with the scaling variables Xi = 2/ij/[l — fXi — fij + A^/^] and the generic function 


Bij = - — ^ 1/2 [Hji 2 {xiXj) - 21 A 2 {-Xi) - 2 'Li 2 {-Xj) + 2 \ogXiXj log(l - XiXj) 
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where the Spence function dehned by Li 2 (x) = — dyy ^ log(l — y) has been used. 























For light quark final states, the decay width of the charged Higgs boson reduces to 


ud) = \Vud\^ cot^/3 + tan^/3] (1+ Agg) (2.13) 

4v 27r 

where the QCD correction factor Agg is the same as for neutral Higgs bosons, eq. (HI, and 
where large the logarithmic terms have been absorbed in the running MS masses fnu,d{M‘^±). 
For Mh± ~ 100 GeV, the QCD corrections reduce the cb and cs decay widths by about a 
factor 2 to 4. Note that the dominant SUSY-QCD and EW corrections [207,208] can also 
be absorbed in the Yukawa couplings; the remaining ones will be discussed later. 

Again, the situation is summarized in Fig. 2.4 where we display the partial width F(i7”'" — 
tb) in the various approximations discussed above for the values tan jS = 3 (30) where the 
component of the coupling involving the bottom (top) quark mass is dominant. While 
the use of the running top and bottom quark masses is a reasonable approximation, which 
approaches the full result at the 20% level, using simply the pole fe-quark mass, in particular 
at high values of tan /?, leads to an overestimate of the width by a large factor. 



Figure 2.4-' The partial widths of the charged Higgs boson into tb final states as a function 
of its mass for the values tan (3 = 3 and tan (3 = 30 in the various approximations discussed 
in the text. The pole guark masses have been chosen to be = 4.88 GeV and mt = 178 
GeV and the QGD coupling constant is normalized to as{Mz) = 0.1172. 

Finally, for the decay tb, the below threshold effects have to be taken into account 

for Mh± < rut + mb and the decay will then lead to H'^ —>■ bbW^ final states. Fig. 2.3b, if 
Mfj± > M\y + 2mb [203,204,209]. If the 6-quark mass is neglected in the matrix element 
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squared and in the phase-space, one obtains a rather simple analytical expression for the 
partial width [203] 
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where the scaling variables kw = and Kt = rril/Mjj^ have been used. This 

expression is valid for small values of tan/5, where the off-shell branching ratio can reach 
the percent level for charged Higgs masses not too far from the tb threshold. 


2.1.2 Decays into Higgs and massive vector bosons 
Decays into W and Z bosons 

The CP-even Higgs bosons Ti. = h,H can decay into weak gauge bosons Ti. —>■ VV with 
V = W or Z, Fig. 2.5. The partial widths with on-shell or off-shell gauge bosons are 
exactly as in the SM [158,194,210,211] except that they are damped by the scaled Higgs 
couplings 

= g^vv^smin ^ (2.15) 


where the partial decay widths in the SM Higgs case in the two-, three- and four-body 
approximations, have been given in §1.2.2. 




Figure 2.5: Feynman diagrams for the decays of the CP-even neutral MSSM Higgs bosons 
into real and/or virtual gauge bosons. 


In fact, for the lighter h boson, only the three- or four-body decays are allowed since 
< 2Mw In the case of the H boson, since Mh ^ 130 GeV, it is sufficient to consider 
only the three- and two-body modes. However, when the latter takes place, the branching 
ratios are in general small since for Mh ^ 2Mz the coupling squared g'nvv — cos^(/5 — a) ~ 
M^/Mfj is suppressed, in particular for large tan /5 values when in addition the decay H ^ bb 
is enhanced and controls the total width. 










Note that in the MSSM, the CP-even Higgs particles never acquire large total widths: 
the h boson is too light for the increase of the width to be effective, and the decays 
of the H boson into weak bosons are suppressed by the factor g'jjyy at large masses. In 
addition, the radiative corrections due to the Higgs self-couplings [which, in the SM, lead to 
the breakdown of perturbation theory for Higgs masses in the TeV range] are small in the 
MSSM as a consequence of their relation to the gauge couplings. These corrections and more 
generally the electroweak radiative corrections which are not included in the renormalization 
of the Higgs masses and the mixing angle a, will be neglected here. 

The various distributions in these decays are as those of the SM Higgs boson [212] and 
only the overall normalizations are different. The CP-even Higgs boson does not decay 
into massive gauge bosons as a result of CP-invariance which forbids a tree-level AVV 
coupling [the charged Higgs boson also does not decay into WZ bosons for the same reason]. 
Very small couplings can however be induced through loop corrections and the partial decay 
widths and various energy or angular distributions will be as those discussed in §1.2.2.4, 
when the pseudoscalar Higgs case has been confronted to the SM Higgs case. 


Decays into Higgs bosons 


In small domains of the parameter space, in particular in the intermediate-coupling regime 
where both Mu and tan (3 are not too large, the heavy neutral Higgs boson H can also decay 
into two lighter CP-even or CP-odd Higgs bosons. Fig. 2.6a, with partial widths [213] 


T{H ^ = 
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(2.16) 


16v^7r Mh Mjj J 

with if = hoT A and where the normalized trilinear Higgs couplings Xnhh and Xhaa have been 
given in eq. (Il.l()()|l and the dominant radiative corrections, implemented in the e approach, 
in eq. (11.1411) . The additional direct corrections to these decays, which are in general modest, 
have been derived in Ref. [139]. Note that, in the case of hnal state A bosons, the possibility 
for this decay is ruled out by the constraint Ma ^ 90 GeV from LEP2 searches. 

a) ✓ b) 


H 
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Figure 2.6: Feynman diagrams for the two-body and three-body decays of the heavier CP- 
even neutral MSSM Higgs boson into two lighter Higgs bosons. 


For < Mh ^ 2M<^ and for large values of tan/3, there is a possibility that the H 
boson decays into an on-shell and an off-shell lighter Higgs bosons, with the latter decaying 











into bb pairs, H (fbb] Fig. 2.6b [203]. The partial width for this three-body decay, using 
the reduced variable n,^p = is given by 
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There are also decays of the heavier Higgs bosons H, A, into lighter Higgs bosons and 
weak gauge bosons, <|) —> ipV [214]. At the two-body level. Fig. 2.7a, the partial width for 
the generic decay is given by 


F($ ^ ^V) = 
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with \{x,y;z) = {1—x/z— y/zY — Axy /being the usual two-body phase space function. 



Figure 2.1: Feynman diagrams for the two-body and three-body deeays of heavier MSSM 
Higgs bosons into a lighter Higgs and a massive gauge boson. 


In practice, and because of the SUSY constraints on the mass spectrum, only the decays 


A^hZ and H^ W^h 


(2.19) 


are allowed at this two-body level. In fact, in these two cases, even the three-body final 
state decays <F —> ipV* with V* —> //, Fig. 2.7b, can be rather important slightly below the 
+ My threshold [203-205,209]. The partial decay widths read in this case [203] 


F($ ^ ipV*) = ^ ^ 
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where the coefficients by for V = W, Z are the same as those appearing in 7-f —>• VV* decays, 
5Y = 1 and b'^ = ^ ^ sin^ 9w + ^ sin"^ 9w In terms of Xu = —1 + 2 ^;, + 2 fi;,- — (ni — 
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The virtuality of the hnal state gauge boson allows to kinematically open this type of decay 
channels in some other cases where they were forbidden at the two-body level 

H ^ AZ* ^ A{H)ff , H ^ H^ff , AIT^* ^ AfJ' 

A HZ* Hff , A H^W^* ^ H^ff' , HW^* ^ Hff (2.22) 

At low tan/3 values, the branching ratio for some of these decays, in particular AW*^ 

can be sizable enough to be observable. 

Finally, let us note that the direct radiative corrections to the AW decays have 

been calculated in Ref. [215]. They are in general small, not exceeding the 10% level, except 
when the tree-level partial widths are strongly suppressed; however, the total tree-level plus 
one-loop contribution in this case, is extremely small and the channels are not competitive. 
The same features should in principle apply in the case of hW and A —hZ decays. 


2.1.3 Loop induced Higgs decays 

The 77 and 7 Z couplings of the neutral Higgs bosons in the MSSM are mediated by charged 
heavy particle loops built up by W bosons, standard fermions / and charged Higgs bosons 
in the case of the CP-even ^ = h,H bosons and only standard fermions in the case of 
the pseudoscalar Higgs boson; Fig. 2.8. If SUSY particles are light, additional contributions 
will be provided by chargino xf ^md sfermion / loops in the case of the CP-even Higgs 
particles and chargino loops in the case of the pseudoscalar Higgs boson. 
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Figure 2.8: Decays of the h, H, A bosons into two photons or a photon and a Z boson. 


In the case of the gluonic decays, only heavy quark loops contribute, with additional 
contributions due to light squarks in the case of the CP-even Higgs bosons h and FT; Fig. 2.9. 
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Figure 2.9: Loop induced decays of the neutral MSSM Higgs bosons into two gluons. 

In this subsection, we will discuss only the contributions of the SM and H^ particles, 
postponing those of the SUSY particles, which are assumed to be heavy, to the next section. 
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Decays into two photons 


The partial decay widths of scalar H = h,H [160,216-219] and pseudoscalar [217,219] Higgs 
bosons into two photons are given by 


Tin ^ 77 ) 
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(2.23) 

(2.24) 


The reduced couplings 5 ^$// and g,i,vv of fhe Higgs bosons to fermions and W bosons are 
given in Tab. 1.5, while the trilinear couplings to charged Higgs bosons are given 

in eq. (jl.lOH) . The amplitudes H* at lowest order for the spin-1, spin-f and spin-0 particle 
contributions are given by [41] 

= 2 [r + (r-l)/(r)]r -2 
= -[2r^ + 3r + 3(2r - l)/(r)] 

Ao(t) = -[r-/(r)]r"2 (2.25) 

in the case of the CP-even Higgs bosons H = h,H, while in the case of the CP-odd A 
particle, one has for the amplitude of spin-f fermions. 


^V 2 (^) = 2 r A A) 


(2.26) 


where the scaling variables are dehned as r* = M^/AMf with M, denoting the loop mass, 
and the universal scaling function /(r) can be found in §1.2.3. 

The real and imaginary parts of these form factors are shown in Fig. 2.10 as a function of 
the variable r for the CP-even (top) and CP-odd (bottom) Higgs bosons. The amplitudes 
for the W bosons and H]y 2 fo^ fermions have been discussed in the case of the SM Higgs 
boson. For light CP-even Higgs bosons, when the couplings suppression is not effective, the 
former is largely dominating compared to the latter, H]^(r) —>■ —7 compared to —>■ | 

for r —> 0. The amplitude for scalar particles is even smaller than the fermionic amplitude, 
A'o{t) = I in the limit of very heavy particles and has a maximum at Re(Hj^) ~ 1.5 and 
Im(^?) 1 for r ~ 1. If, in addition, one recalls that the charged Higgs boson has couplings 

to the h, H particles that are not proportional to the mass, its contribution to the two- 
photon Higgs couplings is damped by the loop factor and becomes very small for 

high masses. Thus, contrary to the case of SM fermions and gauge bosons, heavy charged 
Higgs bosons decouple completely from the two-photon coupling. 
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In the case of the pseudoscalar Higgs boson, the form factor for spin-i particles ap¬ 
proaches the value 2 in the heavy fermion limit, while for very light fermions it has the same 
value as in the CP-even Higgs boson case [for the leading terms in the quark mass expansion] 
as a result of chiral symmetry 

Ml > Am) Af/ 2 {r) = ^V 2 (r) ^ -[log(4r) - i7r]V(2r) 

Ml < Am) Af/^{T) 2 (2.27) 

Near the fermion threshold, f3f = ~ 0 or t/ —>• 1, the amplitude approaches the 

constant value —*■ -|- 2ml3f. 



Figure 2.10: The form factors for spin 1, |,0 particle contributions to the two-photon cou¬ 
plings of a CP-even Higgs boson (top) and the form factor for the contribution of a spin-^ 
particle to the two-photon coupling of a CP-odd Higgs boson, as a function ofTi = M^/AMf 
with Mi the mass of the loop particle. 
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The partial decay widths are in general much smaller than in the SM, except in the case 
of the lighter Higgs boson in the decoupling limit or the heavier CP-even Higgs boson in 
the anti-decoupling regime. This is mainly due to the fact that since the Higgs couplings 
to gauge bosons are either suppressed or absent, the by far dominant contribution of the W 
loop is much smaller. The top quark contribution is in general also very small because of 
the suppressed gq,tt couplings for tan/? > 1 and, in fact, the dominant contribution comes 
from the bottom quark loop when tan jS is very large and results in strongly enhanced gq,bb 
couplings. Furthermore, in view of the present MSSM bounds on Mh±, the contribution of 
the charged Higgs particle is very small as it is damped by the factor in addition 

to the smallness of the form-factor A^{th±)- This is shown in Fig. 2.11 where the two- 
photon partial widths are shown as a function of the Higgs masses for the values tan /3 = 3 
and 30; the partial width in the SM Higgs boson case is also displayed for comparison. 
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Figure 2.11: The partial decay widths of the MSSM neutral Higgs bosons into two photons 
as a function of their masses for tan/3 = 3 (left) and tan/3 = 30 (right). For comparison, 
the width in the SM Higgs case is also displayed. 

The QCD corrections to the decays of a CP-even Higgs boson into two photons [220-222], 
assuming that the squarks are too heavy to contribute in the loops, follow that of the SM 
Higgs boson that we have discussed in §1.2.3.1 to which we refer for details. For the QCD 
corrections to the H —> 77 decay, and in the case where only the contribution of quark loops 
are taken into account, the two-loop Feynman diagrams are the same as for the SM Higgs 
boson. The calculation has been performed in the general massive case in Refs. [221, 222] 
and the discussion goes along the same lines as in the SM Higgs case. There are however, a 
few subtleties because of the CP-odd character of the Higgs particle. 
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To regularize the pseudoscalar amplitude involving the 75 coupling, one can adopt the’t 
Hooft-Veltman prescription [223] which reproduces the axial-vector anomaly at LO auto¬ 
matically [85]. However, there is a subtle problem: the multiplicative renormalization factor 
of the pseudoscalar (QQ) current is given by Zaqq = 1 — ^’ 2 ^^ where Z 2 , Z^ are the wave- 
function and mass renormalization factors, respectively. To ensure the chiral-symmetry 
relation r 5 (p',p) — > 75 r(p',p) in the limit rriQ — > 0 for the fermionic matrix element of the 
pseudoscalar and scalar currents, the renormalization factor of the pseudoscalar current has 
to be chosen as Zaqq = Z^qq + Sas/{‘iT^) [224], the additional term being due to spurious 
anomalous contributions that must be subtracted by hand. 

Another signihcant difference between the CP-even and CP-odd cases is for masses near 
the quark threshold, Mh/a — ‘2mQ. As discussed earlier in the SM case [§I.2.3.1], since 
QQ pairs cannot form states at the threshold, Im(C'/f) vanishes there, while Re(C'H) 

develops a maximum. In contrast, since QQ pairs do form states, the imaginary part 
Im(CA) develops a step that is built up by the Coulombic gluon exchange [familiar from 
the singularity of the QCD correction to qq production in annihilation] and Re(C'A) is 
singular at the threshold. The singularity is regularized by including the top quark width 
[225]. 

To sum up, while in the light quark limit the QCD correction factor for the amplitude 


^V2(rQ) = 4lf/2(rQ)|Lo 


1 + ' 
TT J 


(2.28) 


is exactly the same as in the scalar case as anticipated from chiral symmetry [the subleading 
terms are not the same]. 


2 

mQifiQ) 0 : Cn,A log^(-4r - ie) - ^ log(-4r -ie)+2 log (2.29) 

io 6 rriQ 


it vanishes exactly in the opposite heavy quark limit [ 221 ] contrary to the scalar case 


niQ ^00 : Cn ^ -1 , Ca ^ 0 


(2.30) 


In fact, similarly to the relation between the iPyy coupling and the anomaly of the trace 
of the energy-momentum tensor [see §1.2.4], there is a relation between the coupling of a 
pseudoscalar Higgs boson to photons and the anomaly of the axial-vector current [85] 

= 2mQQi-f5Q + (2.31) 

where = e^^^aqFap is the dual held strength tensor. Since, the matrix element (77|<9^J5 |0) 
of the divergence of the axial-vector current vanishes for zero photon energy, the matrix 
element ( 77 |mQQ* 75 Q| 0 ) of fh® Higgs source can be linked directly to the anomalous term in 
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eq. (ESH). It is well-known that the anomaly is not renormalized by strong interactions [85] 
and as a result, the effective ^77 Lagrangian 

/:eff(kl77) = {V2Gf) (2.32) 

is valid to all orders of perturbation theory in Og in the limit <C dmg. This has been 
explicitly verihed at 0{as) as discussed previously. 

The correction factors Cq> in the CP-even and CP-odd cases are compared to each other 
in the top panel of Fig. 2.12, while the QCD corrections to the partial decay $ —> 77 widths 
relative to the LO result, P = Plo( 1 + <^), are shown in the bottom panel as a function of 
M$; the scale at which the corrections are evaluated is set to /ig = \mQ. As can be seen, 
the corrections can be large in the case of the H and A bosons, in particular near thresholds. 



T = m® / 4m® 



[GeV] 




Figure 2.12: Top: The QCD eorreetion factor to the quark amplitude in the two-photon 
decay of CP-even (left) and CP-odd (right) Higgs bosons as a function of tq = M^/Aitiq. 
Bottom: the size of the QCD correction to the decay widths as a function of the Higgs masses 
for two values tan/3 = 1.5 (left) and 30 (right). In both cases, the renormalization scale for 
the quark mass is taken to be fiq = from Ref. [222]. 
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The decays $ —> 7Z and 7lT^, ZW^ 

The loop induced couplings of the neutral Higgs bosons to Z 7 dual states [226-230], the 
Feynman diagrams of which are given in Fig. 2.8 with one photon replaced by a Z boson, 
are slightly more complicated than the Higgs coupling to two-photons, in particular, when 
the SUSY particle contributions are taken into account. Ignoring for the time being these 
additional contributions, the amplitudes for the loop induced Z 7 decays in the case of the 
the CP-even Ti = h,H bosons, where fermions, W bosons and bosons are running in 
the loops, and in the case of the CP-odd A boson, where only fermions are involved as a 
consequence of CP-invariance, may be written as 




64 TT^ 


+9nvvA^{Tw, Avk) + 


1 - 


Ml 

M^n 


y^Jnff 
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QfVfN^ 




Cw 


(2.33) 


MIvh± 

2cwM‘^ 


Xh±) + AI^usy 
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T(A^Z^) = 


16 TT^ 


1 - 


Ml 
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f 




Cw 


where the various couplings, including the radiative corrections, have been given previously 
except for the Z boson couplings to charged Higgs bosons which reads 


Vh± = 


2 c^ ~ 1 

Cw 


(2.34) 


The reduced variables are r* = AMf /M^, A* = AMf /M^ and the amplitude for spin-A and 
spin-one particles have been given in §1.2.3, while the amplitude for spin-zero particles is 


^H±) — h{TH±, Ah±) 


(2.35) 


with the form factor Ii again given in §1.2.3. 

These decays follow approximately the same pattern discussed in the case of the Higgs 
decay into two-photons. For large loop particle masses, when one can neglect the Z-boson 
mass, the form factors approach the photonic amplitudes modulo the couplings. In the case 
of the lighter Higgs boson h, the contributions of the charged Higgs particles will decouple 
as a result of the loop factor suppression and we are left with the SM Higgs boson 

decay rate. This needs not to be the case of the Z 7 decays of the heavier CP-even Higgs 
boson but the contributions are further suppressed by the coefficient of the amplitude Ji 
for spin-zero particles which is also small in this case. In any case, these decays are in general 
not very important in the MSSM and barely reach branching ratios of order 10“^. The partial 
decay widths are shown in Fig. 2.13 as a function of the Higgs masses for tan/3 = 3, 30 and 
compared with the SM Higgs rate. 
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Figure 2.13: The partial decay widths of the MSSM neutral Higgs bosons into a photon and 
a Z boson as a function of their masses for tan/5 = 3 (left) and tan/5 = 30 (right). For 
comparison, the width in the SM Higgs case is also displayed. 

Let us now turn to the loop induced decays of the charged Higgs bosons, H^ —>■ W^'-^ 
[231-234] and H^ —> W^Z [98,99,233,235]. They can be generated through the same 
loop diagrams as in the neutral Higgs case, <h —>■ 77 or 7 Z, but there are also diagrams 
in which the charged Higgs bosons turn into off-shell W bosons through loops involving 
charged particles, and the virtual W bosons split then into real 7 hh or ZW states. Besides 
the top-bottom loop, additional loops involving neutral and charged Higgs bosons together 
with W/Z bosons [and in a non unitary gauge, Goldstone bosons] occur. In the MSSM, 
most of the bosonic couplings are however rather small as they do not grow with the masses 
of the particles. In particular, in the decoupling limit, the H^ couplings to the lighter h 
and the W bosons vanish while the H/A particles, which couple with full strength to the 
H^W^ states, have masses of the same order as Mh±, implying that these particles do not 
contribute in a signihcant way to the loop induced H^W^'y and H^W^Z couplings. 

Thus, in the MSSM, it is a good approximation to include only the top-bottom quark 
loop contributions to the partial decay widths. The amplitudes have been derived hrst 
in Refs. [98,99,231-233] and, more recently, the complicated full expressions including all 
fermionic and bosonic contributions have been given in a 2HDM in Refs. [234] and [235] for, 
respectively, the H^ IT^y and H^ W^Z decays^^. In the following, we simply write 
down the two partial decay widths in the limit mt ^ Mh± , Mw ^ mb which turns out to 

^®The contributions of scalar SUSY partners of top and bottom quarks has been also derived in Ref. [233] 
for large enough squark masses and are small; they will also be ignored in the following discussion. 
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give an adequate estimate of the full contributions. In this case, one has [233] 


T{H^ W^Z) 






1 - 


Mh. 


(\Ml\^ + \Ml\^) 


[4(A + 12M|,M|)|A4f + A^IAlf 


Z\2 


8AM^M||Aff 1^ + 4A(M^± - - M|)Re(>lf>lf)] (2.36) 


where A = — M|)^ — 4M^M| and the various amplitudes are given by 

Ml = -^sin26>vi/c+ , MJ = ^sin26>H/c_ 

-^f = Mf = ^Q + 2 s^^c+, Mf = -^Q + ^s^^c_ (2.37) 

with c± = cot /3 ± ^ tan/?. The partial widths are signihcant only for small or large values 
of tan /3. The branching ratios for and the partial decay widths for —a W^Z 

are shown in Fig. 2.14; all contribution are exactly included. In the former case, the hgure is 
in fact in a 2HDM where the angle a and all Higgs masses are free parameters, allowing to 
enhance the H^W'j couplings; the MSSM case is approached only in the example sin a = 1 
with tan/3 = 40 where the branching ratio is of order 10“®. In the case of —> WZ, 
the partial width is also below the level of 10“^ for tan/3 values in the range 2-60 and 
for Higgs masses above the tb threshold. Again, in a 2HDM, the rate can be much larger 
in the presence of sizable Higgs mass splittings which enhance the charged Higgs boson 
self-couplings. These decays will be ignored in our subsequent discussions. 




Figure 2.14: The partial decay widths of the charged Higgs boson into ■yW [234] o.nd ZW [235] 
final states in a 2HDM and also in the MSSM for the latter case. 
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Decays into two gluons 


The amplitudes for the gluonic decay widths of the CP-even and CP-odd Higgs particles, 
where only heavy t, b quarks contribute [we will discuss the contribution of squark loops in 
the CP-even Higgs case at a later stage], are given at leading order by [38,236-240] 


^ gg) 
r(kl ^ gg) 


36V27r3 

G^alMl 

36y27r3 


4 

Q 

\^9aqqA^/2{tq) 

Q 


(2.38) 


with the loop amplitudes and Higgs couplings as given previously. Again, except for the h 
boson in the decoupling and for the H boson in the anti-decoupling limits, the top quark 
amplitude is suppressed for values tan j3 > 1 and the 6-quark amplitude becomes the domi¬ 
nant component at large tan jS values. In the case of the A boson, and for low tan jS values 
when the top quark loop dominates, the A ^ gg partial width is smaller than for the H 
boson at low Ma and comparable at high values, as follows from the variation of the form 
factors shown in Fig. 2.10. For large tan/? values, as a consequence of chiral symmetry, the 
A ^ gg partial width follows that of the lighter h boson at low Ma and that of the heavier 
H boson at higher Ma, except in the transition and tt threshold regions. The partial widths 
F($ —»■ gg) are shown in Fig. 2.15 as a function of the Higgs masses for the two usual values 
of tan jS and compared with the gluonic partial width of the SM Higgs boson. 
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Figure 2.15: The partial decay widths of the MSSM neutral Higgs bosons into two gluons as 
a function of their masses for tan/3 = 3 (left) and tan/3 = 30 (right). For comparison, the 
partial width of the SM Higgs boson is also displayed. 
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The QCD corrections to the quark loop contribution to the gluonic decay width have been 
discussed in §2.3.3 and §2.4.3 of Tome I in the CP-even Higgs boson case. At NLO, one has 
to evaluate two-loop diagrams in which a gluon is exchanged between the quark lines of the 
triangle [as in the $ —> 77 case] or between the final gluons or the gluons and quarks and, 
also, diagrams in which an additional gluon is emitted in the final state, $ —> gg* —>■ ggg or 
a gluon splits into a light quark pair $ —> gg* —»■ gqq. While for the top quark loops one can 
use the infinite top quark limit and also include the NNLO corrections in the case oih ^ gg 
decays and, eventually, for H ^ gg m. the mass range Mh ^ 2mt, the full mass dependence 
or at least the small loop mass expansion has to be used in the case of the bottom quark loop 
contribution which, as seen previously, is dominant for large values of tan Of course the 
NNLO calculation, which has been performed in the heavy quark limit, does not apply in 
this case. In both limits, the situation is as in the SM Higgs boson case and the corrections 
are very large, being of the order of 40 to 70%. 

The previous discussions do not apply for the decays of the pseudoscalar Higgs boson. 
In this case, the next-to-leading order QCD corrections have been calculated in Ref. [222] 
in the full massive quark case. The main features are similar to what has been discussed 
for the SM Higgs boson, supplemented with the subtleties which occur because of the 75 
coupling that already appear for the decay A 77. The corrected gluonic decay widths for 
the three neutral Higgs particles can be written as 




r(4> ^ gg{g), gqq) = rLo($ ^ gg) 1 + E^irg)— 

L TT 

where for the CP-even Ti. = h,H and CP-odd A bosons, the correction factors are 


(2.39) 
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+ ^Et^{tq) 
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(2.40) 


In the heavy quark limit [221,241], the correction factor Ea is the same as for a scalar 
particle, except that the constant term 95/4 is replaced by 97/4. For large Higgs masses, the 
correction factor also approaches Et-^. The only difference is near the 2mt threshold where, 
as seen already for the A —> 77 decay, the correction has a singularity at the threshold. 


The QCD correction factors for the Tigg and Agg amplitudes are shown in Fig. 2.16 as a 
function of the Higgs masses in the two cases where mostly the top quark loop contributes, 
tan/3 = 3, and when the bottom quark loop is dominant, tan/3 = 30. In the latter case, no 
singularity occurs since Ma 3> 2mf,, but a small kink is still observable as a result of the 
large contribution of the imaginary part of the t-contribution to the Agg amplitude. 


If the top quark loop provides the dominant contribution to the ^ ^ gg decays and the 
Higgs masses are below the ti threshold, < 2mt, one can also use the low energy theorem 
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Figure 2.16: The QCD eorreetion factors for the partial widths r(<l> — gg) as a function of 
the Higgs boson masses for tan/? = 3 (left) and tan/? = 30 (right); the contributions of the 
top guark with mt = 178 GeV and the bottom guark with mb = 5 GeV are included. 


discussed in §1.2.4.1 to derive the higher-order QCD corrections to the ^gg couplings in the 
heavy top quark limit. The NNLO QCD corrections have been also calculated in this case 
and one finds for the correction factors at this order for Ft gg [242] and A ^ gg [243] 


r^QCD 

t^QCD 

^A^gg 


2lb as{Mn) 

12 TT TT^ 

221a,(M^) al{MA) 
^12 vr ^ 7r2 


156.8-5.7log 




fl71.5-51og 



(2.41) 


where the number of light flavors is taken to be = 5 and the renormalization scale 

is chosen to be /i = M$. In both cases [at NNLO, also, the correction factors are not 
numerically very different in the scalar and pseudoscalar cases], the three-loop contribution 
amounts to ~ 20% of the one-loop (first order) term and ~ 30% of the two-loop term, 
therefore showing a good convergence behavior of the perturbative series. 


2.1.4 The total decay widths and the branching ratios 

The branching ratios of the decays of the four MSSM h, H, A and bosons into fermions, 
gauge bosons and other Higgs particles are displayed in Figs. 2.17-2.20 as a function of the 
decaying particle mass. They have been obtained with the program HDECAY where the SM 
particle masses are set to their world average values given in the Appendix and the values of 
the strong coupling constant and the electroweak mixing angle taken to be as{Mz) = 0.1172 
and s‘(y = 0.2315. In the case of the bosons, the values of some CKM matrix elements 
need to be fixed in addition and we use also those given in the Appendix. 
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The radiative corrections in the Higgs sector have been evaluated using the program 
FeynHiggsFastl. 2 for the two values tan/3 = 3 and tan/3 = 30. The various SUSY param¬ 
eters which enter these corrections have been chosen in the “maximal mixing” benchmark 
scenario defined in the Appendix [in the “no-mixing” scenario with Xt = 0, the trend is 
similar for the heavier Higgs bosons, but slightly different in the case of the h boson where 
Mh is smaller]. The mass of the pseudoscalar Higgs boson has been then varied to obtain 
the masses of the other Higgs particles. The lower range of the h, A masses, ~ 90 GeV, 
although ruled out by LEP2 constraints is displayed for the sake of completeness. 

The branching ratios for the heavier H, A and bosons are shown for masses up to 
500 GeV only since, for larger mass values, the main features remain essentially the same. 
In the case of the h boson however, we extended the Ma range up to 1 TeV to fully reach 
the decoupling limit at low tan jS values. Note that only the decays with branching fractions 
larger than 10 “^ have been displayed; some important decays which have smaller rates will 
be discussed later. The total widths of the four Higgs particles are shown in Fig. 2.21 under 
the same conditions. In what follows, we discuss these decays in the various regimes of the 
MSSM Higgs sector introduced in §1.3 starting with the simplest one, the decoupling regime. 

The decoupling regime 

In the decoupling regime, Ma ^ 150 GeV for tan/3 = 30 and Ma ^ 400-500 GeV for 
tan/3 = 3, the situation is quite simple. The lighter h boson reaches its maximal mass value 
and has SM-like couplings and, thus, decays as the SM Higgs boson Hsm- Since < 140 

GeV in the chosen scenarios, the dominant modes are the decays into bb pairs and into WW* 
final states, the branching ratios being of the same size in the upper mass range [which occurs 
for the choice tan /3 ~ 30]. The decays into ,gg, cc and also ZZ* final states are at the 
level of a few percent and the loop induced decays into 77 and Z'j at the level of a few per 
mille. The total decay width of the h boson is small, T/h) < (9(10 MeV). 

For the heavier Higgs bosons, the decay pattern depends on tan/3. For tan/3 S> 1, as a 
result of the strong enhancement of the Higgs couplings to down-type fermions, the neutral 
Higgs bosons H and A will decay almost exclusively into bb (~ 90%) and (~ 10%) 

pairs; the ti decay when kinematically allowed and all other decays are strongly suppressed 
for tan/3 ~ 30. The charged boson decays mainly into tb pairs but there is also a a 
significant fraction of tUt final states (~ 10%). For low values of tan/3, the decays of the 
neutral Higgs bosons into tt pairs and the decays of the charged Higgs boson in tb final states 
are by far dominating. [For intermediate values, tan /3 ~ 10, the rates for the H,A^bb and 
tt decays are comparable, while the —>■ rz/ decay stays at the few percent level]. For small 
and large tan /3 values, the total decay widths of the four Higgs bosons are, respectively, of 
(9(1 GeV) and of (9(10 GeV) as shown in Fig. 2.21. 
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Figure 2.11: The deeay branching ratios of the lighter CP-even MSSM h boson as a function 
of its mass for the two values tan /3 = 3 (left) and tan /3 = 30 (right). The full set of radiative 
corrections in the Higgs sector has been included as described in the text. 



Figure 2.18: The decay branching ratios of the heavier CP-even MSSM H boson as a function 
of its mass for the two values tan/? = 3 (left) and tan/? = 30 (right). 
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Figure 2.19: The deeay branching ratios of the CP-odd MSSM Higgs boson as a function of 
its mass for the two values tan/3 = 3 (left) and tan/3 = 30 (right). 



Figure 2.20: The decay branching ratios of the charged MSSM Higgs particles as a function 
of their mass for the two values tan/3 = 3 (left) and tan/3 = 30 (right). 
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Figure 2.21: The total decay widths in GeV of the four MSSM Higgs particles h,H,A and 
as a function of their masses for the two values tan/5 = 3 (left) and tan /3 = 30 (right). 


The anti—decoupling regime 


The anti-decoupling regime corresponds in this case to taxi (5 = 30 and Ma ^ 130 GeV 
and the pattern for the Higgs decays is also rather simple. The lighter CP-even h and the 
CP-odd A bosons will mainly decay into bb (~ 90%) and r+r“ (~ 10%) pairs, while the 
charged boson decays almost all the time into rUr pairs (~ 100%). All other modes are 

suppressed down to a level below 10“^ except for the gluonic decays of the h and A bosons [in 
which the fe-loop contributions are enhanced by the same tan (3 factor] and some fermionic 
decays of the boson [which, despite of the suppression by the CKM elements can reach 
the percent level because of the relatively small mass of the r lepton which dominates the 
total decay]. Although their masses are small, the three Higgs bosons have relatively large 
total widths, T{h^ A,H^) ~ 0{1 GeV) for tan/3 = 30. 

The heavier CP-even Higgs boson will have a mass Mh ~ and will play the role 

of the SM Higgs boson or the lighter h boson in the decoupling regime, but with one major 
difference: in the low Ma range, the h and A particles are light enough for the two-body 
decays H ^ hh and H —> AA to take place. When they occur, these decays are by far the 
dominant ones and have a branching fraction of ~ 50% each. However, in view of the LEP2 
bound Ma ~ Mh ^ Mz, these channels are now kinematically closed and the three-body 
decays H —>■ hh* —> hbb and H —>■ AA* —>■ Abb do not compete with the dominant H ^ bb 
and H — WW* decay modes. Thus, also the H boson is SM-like in this regime. 
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The intense—coupling regime 


In the intense-coupling regime, which corresponds here to the scenario tan /3 = 30 and 
Ma ~ 120-140 GeV, the couplings of both the CP-even h and H particles to gauge bosons 
and isospin up-type fermions are suppressed, while the couplings to down-type fermions, and 
in particular 6 -quarks and r leptons, are strongly enhanced. Because of this enhancement, 
the branching ratios of the h and H bosons to bb and hnal states are the dominant 

ones, with values as in the pseudoscalar Higgs case, i.e. ~ 90% and ~ 10%, respectively. 

This is exemplihed in Fig. 2.22 where we display the branching ratios of the three bosons 
h, A and H but this time, as a function of the pseudoscalar Higgs mass in the range Ma = 
100-140 GeV. As can be seen, the decays H —> WW* do not exceed the level of 1%, already 
for Ma ^ 120 GeV, and in most of the range displayed for Ma, both the decays H,h ^ WW* 
[and the decays into ZZ* that are one order of magnitude smaller] are suppressed to the level 
where they are not useful anymore. The interesting rare decay mode into 77 [and the decay 
into Z 7 which has not been shown], which is at the level of a few times 10“^ in the SM, is 
very strongly suppressed for the three Higgs particles. Finally, note that the branching ratios 
for the decays into muons, <h —> which have not been displayed earlier, are constant 

in the entire exhibited Ma range and are at the level of 3 x 10“'^. The charged Higgs boson 
in this scenario decays mostly into tu hnal states. 
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Figure 2.22: The decay branching ratios of the neutral MSSM h,H and A bosons as a 
function of Ma in the intense-coupling regime with tan/3 = 30. 
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The intermediate—coupling regime 


In the intermediate-coupling regime, i.e. for small values of tan/3 when the Higgs couplings 
to bottom quarks and r leptons are not strongly enhanced, and for H/A masses below 350 
GeV when the decays into top quark pairs are kinematically not accessible, interesting decays 
of the heavier neutral and charged Higgs bosons occur. To highlight the main features, we 
zoom on this region and display in Fig. 2.23 the branching ratios for the A, H and decays 
as a function of their masses for a value tan/3 = 2.5, lower than previously as to enhance 
the specihc decays. We also increase the value of m* to evade the experimental bound on 
the lighter CP-even Higgs boson mass in the low range. 

As can be seen, the decay A hZ of the pseudoscalar Higgs boson is dominant when it 
is kinematically accessible, i.e. for masses Ma ^ 200 GeV, with a branching ratio exceeding 
the 50% level. The bb and rr decays are still signihcant, while the gg mode is visible; the 
below threshold three-body A —> tt* decay is also visible. In the case of the H boson, the 
decay H ^ hh is very important, reaching the level of 60% in a signihcant range, the 
decays into weak vector bosons and bb pairs are still sizable. For the charged Higgs boson, 
the decay —>■ hW^ is at the level of a few percent, the other decay —>■ AW^ [which 
can be observed in Fig. 2.20] is kinematically challenged. Thus, in this intermediate-coupling 
regime, many interesting Higgs boson decay channels occur. 



0 . 



0 . 



Figure 2.23: The decay branching ratios of the heavier MSSM Higgs particles A, H and 
as a function of their masses in the intermediate-coupling regime with tan/3 = 2.5. The top 
mass is set to mt = 182 GeV and only the branching ratios larger than 2% are displayed. 
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The vanishing—coupling regime 


Finally, let us say a few words on the regime where the lighter CP-even Higgs couplings to 
bottom quarks and r leptons accidentally vanish as a result of cancellations in the Higgs 
sector radiative corrections. As discussed earlier, this occurs at large values of tan/3 and 
moderate to large values of the pseudoscalar Higgs mass, Ma ~ 150-300 GeV. The branching 
ratios in such a scenario are shown in Fig. 2.24 for the CP-even Higgs bosons as a function 
of Ma for tan/3 = 30; the relevant MSSM parameters are given in the caption. In the case of 
the H boson, there are a few differences compared to the decoupling regime; they are due to 
the fact that the b Yukawa coupling is smaller for the chosen large /i value in this scenario, 
resulting in an enhanced rate [this will also be the case for the A boson]. In addition, 

the decays H —> WW, ZZ are not too strongly suppressed and even the decay H ^ hh is 
potentially observable in the higher and lower Ma range. 

For the lighter h boson, the decays into bb and rr pairs will be strongly suppressed and, 
as a result, the other decay modes will be enhanced. In particular, h WW* becomes the 
dominant mode, reaching branching ratios of more than 50% even for h boson masses below 
130 GeV. The decays into gluons and charm quarks will be also boosted reaching values of 
the order of 20% and 10%, respectively. The rare decays into 77 and Z 7 will be enhanced 
by 50%, since the total h boson decay width in the absence of the h ^ bb decay is only 
approximately a factor of two smaller than in the SM, the h —> WW* channel being still 
present. 



Ma [GeV] Ma [GeV] 


Figure 2.24: The decay branching ratios of the CP-even h and H bosons as a function of 
Ma for tan/3 = 30 in the small a scenario. The other MSSM parameters are: Ms = 0.7 
TeV, M 2 = M 3 = -f/i = 0.5 TeV, Xt = 1.1 TeV and Ab = At. 


109 











2.2 Effects of SUSY particles in Higgs decays 


In the previous discussion, we have assumed that the SUSY particles are too heavy to 
substantially contribute to the loop induced decays of the neutral MSSM Higgs bosons and 
to the radiative corrections to the tree-level decays of all Higgs particles. In addition, we 
have ignored the Higgs decay channels into SUSY particles which were considered as being 
kinematically shut or strongly suppressed because of small couplings. However, as mentioned 
in the beginning of this chapter and, in view of the experimental limits of eq. (IT3^ , some 
SUSY particles such as the charginos, neutralinos and possibly sleptons and third generation 
squarks, could be light enough to play a signihcant role in this context. Their contributions 
to the h, H and A boson decays into 77 and gg hnal states can be large and they can alter 
signihcantly the other decay modes through radiative corrections. The decay channels of 
the MSSM Higgs particles into the various chargino/neutralino and sfermionic states and, 
eventually, the decays into gravitinos which occur in GMSB models as well as decays into 
gluinos which, if not ruled out, can occur in small corners of the MSSM parameter space, 
can be important. These aspects will be discussed in this section. 

2.2.1 SUSY loop contributions to the radiative corrections 

Besides the radiative corrections to the MSSM Higgs masses and the mixing angle a in the 
CP-even Higgs sector where, as we have seen previously, third generation sfermion loops play 
a very important role, the SUSY particles enter directly in the one-loop radiative corrections 
to the partial decay widths of the neutral and charged Higgs bosons [199-201]. In particular, 
because of the large value of squark/gluino loops can dramatically affect the pattern of 
the hadronic decays. The most important component of these corrections is in fact simply 
the SUSY threshold effects which alter the relations between the fermion masses and the 
Higgs Yukawa couplings at the one-loop level, as discussed earlier. There are additional 
direct contributions which, contrary to the latter and to the corrections to the mixing angle 
a which disappear when the SM limit is recovered for the lighter h boson, do not decouple 
in principle. However, and unfortunately, they are very small in general. 

In the case of bottom quarks, this can be seen by inspecting the Yukawa Lagrangian of 
eq. where one can notice two different contributions to the bare Aiggs-bb interaction 

discussed in 51.2.3 


-Cvuk OC Xlbn[{l + 6X,/X,)H^, + {AX,/X,)H°,*]bL 

= Xlbn[il + Ai)H^,+A2H^2*]bL (2.42) 

The renormalized Yukawa Lagrangian can be then written as 

/^Yuk cx Afc bn [if° + A,LfO*] bL (2.43) 


no 




in terms of the renormalized coupling Xf, = A°(l + Ai) and the already known quantity 
Af, = A2/(1 + Ai). Taking into account only strong interactions, while the correction 

- — rrig /i tan /3 / max(m?^, , m?) (2.44) 

is proportional to tan/? and, thus, can take large values for tan/? > 10, the contribution Ai 
at leading order is simply given by 

A^cd _ Afe/max(m?^,m|,m?) (2.45) 

and does not increase with tan/?. In fact, as it is proportional to rrigAb/Mg for relatively 
light gluinos, and since Aj, cannot take arbitrarily large values compared to Mg because of 
the CCB constraint Al < 3(2M| + the correction is in general very small. This is 

exemplihed in Fig. 2.25 where the two corrections A 2 (left) and Ai (right) are shown for the 
three neutral Higgs bosons for tan /? = 30 as a function of in a scenario where squarks 
and gluinos are very heavy and the mixing in the sbottom sector is very large. At = —/r tan /? 
with /i = —150 GeV [201]. While A 2 is of (9(10%) in this case and thus of moderate size [note 
that /i is small in this scenario and the correction will increase with |p|] the Ai contribution 
is only of (9(1%) except in the case of the H boson in the anti-decoupling regime, where it 
can reach a similar magnitude as A 2 . Thus, in general, one can neglect the Ai term and 
simply use the approximation where only the resummed Ai, ~ A 2 correctiou is iucluded. 
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Figure 2.25: Relative corrections due to the Aj, component including the resummation (left) 
and to the term Ai (right) as a function of Ma for the three neutral Higgs bosons. The 
corrections are normalized to the QCD corrected decay widths; from Ref. [201 ]. 

The A 2 correctiou geuerates a stroug variatiou of the bb partial widths of the three Higgs 
bosous which cau reach the level of 50% for large p aud tau/? values aud uot too heavy 
squarks aud gluiuos [uote that gluiuos decouple ouly slowly aud their effect cau still be felt 
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for masses of the order of a few TeV]. However, it has only a small impact on the bb branching 
ratios since this decay dominates the total widths of the Higgs particles. In turn, it can have 
a large influence on the branching ratios for the other decay modes and, in particular, on 
the <h —> T~^T~ channels. This can be seen in the left-hand side of Fig. 2.26 where the 
branching ratios for the two modes are shown as a function of Ma in the usual maximal 
mixing scenario. In the case of the heavier Higgs bosons with masses above the ti threshold 
and for intermediate tan jS values when the bh and tt channels compete with each other, these 
corrections can be felt by both the H/A —> bb and tt branching ratios. This is shown in the 
right-hand side of Fig. 2.26 where the two branching fractions are displayed as a function of 
Ma in the same scenario as previously but for the value tan/3 = 10. 

1 


0.1 


100 150 200 300 500 

[GeV] 

Figure 2.26: The branching ratios for the decays of the three neutral Higgs bosons into bb, tt 
for tan/3 = 30 (left) and of the heavier H/A bosons into bb,tt for tan/3 = 10 (right) in the 
maximal mixing scenario with Ms = rUg = 1 TeV, including the SUSY-QCD corrections for 
p = ±1 TeV and without the SUSY-QCD corrections f/i ~ 0). 

The same features occur in the case of the charged Higgs boson decays into tb hnal 
states [207,208]. Besides the SUSY-QCD corrections which strongly affect the component 
of the H^tb coupling involving the fe-quark mass, there are also SUSY-EW corrections which 
appear through both the top and bottom components of the coupling and which are also 
potentially large. In particular, the weak correction that is present in the A 2 term 

~ ! niax(/i^ m|, m|) (2.46) 

involves the top-quark Yukawa coupling and is also enhanced at large tan /3 and fi, as well 
as for large At values. The radiative corrections to the top quark component of the coupling 
might also be important as they increase with and XlfV/Mg, eq. ()1.48j) . 
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The various corrections are shown in the case of the partial width tb) in Fig. 2.27 

as a function of p for tan/? = 30 (left) and as a function of tan/? for /i = —200 GeV (right); 
the other parameters are as indicated in the captions [208]. It is apparent that the SUSY- 
EW corrections reach the level of the SUSY-QCD ones and both of them are of the same 
size as the standard QCD corrections. The total correction in the MSSM can be either very 
large or very small, depending on the sign of the SUSY corrections, and more precisely on 
the sign of /i. The Higgs correction, which is shown separately, is very small. 
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Figure 2.21: The SUSY-EW, SUSY-QCD, standard QCD and the full MSSM contributions 
as a function of fi with tan/? = 30 (left) and tan/? for fi = —200 CeV where the Higgs 
contribution is also shown (right); the other inputs are as indicated. From Ref. [208]. 


Again, these corrections can be more efficiently pinned down by looking at the branching 
ratio of a decay mode that is not dominant which, in this context, is generally the case of the 
—>■ decay. This is exemplihed in Fig. 2.28 where one can see that BR/iJ’*' —»■ t^v) 
is very sensitive to the SUSY-QCD corrections appearing in the fb decay [208]. 



Figure 2.28: BR(H~^ —> as a function of the mass when SUSY-QCD corrections 

are included in the decay tb; the various parameters are as listed. From Ref. [208]. 
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2.2.2 Sparticle contributions to the loop induced decays 
The gluonic decays 

If squarks are relatively light, they can induce sizable contributions to the loop induced 
decays of the CP-even Higgs bosons into two gluons, H ^ gg with H = h,H. Due to the 
combined effect of CP-conservation which forbids couplings of the A boson to identical 
states and SU(3) gauge invariance which forbids gluon couplings to mixed qiq 2 states, SUSY 
loops do not contribute to A ^ gg at the one-loop level but only at two-loop when virtual 
gluinos are exchanged withs squarks; in this case, the contribution is expected to be small. 
The squark loop contribution to the Tigg amplitude, which has to be added coherently to 
the standard contribution of heavy quarks, eq. (ESHI), is given by [41] 

^ = E (2-47) 

Qi Qi 

where tq = M^/Arn^ with denoting the loop mass, and where the form factor for spin- 
zero particles, Aq{tq), as well as the Higgs couplings to squarks have been given previously. 
Since squarks, and in general all SUSY particles, do not acquire their masses through the 
Higgs mechanism and their couplings to the Higgs bosons are not proportional to their 
masses, the contributions of these scalar particles are damped by loop factors Thus, 

contrary to the case of SM quarks, the contributions become very small for high masses and 
the sparticles decouple completely from the gluonic Higgs couplings if they are very heavy. 

However, when they have masses of the order of the Higgs boson masses, squark contri¬ 
butions can be signihcant. This is particularly true in the case of top squarks in the decays 
of the lighter h boson, h —> gg. The reason is two-fold: 

(z) the mixing in the the stop sector, proportional to the off-diagonal entry rritXt of the 
stop mass matrix, can be very large and could lead to a top squark U that is much 
lighter than ah the other scalar quarks and even lighter than the top quark; 

{ii) the coupling of top squarks to the h boson in the decoupling regime, for instance ghi^i^ 
given in eq. (jl.l()9|l . involves a component which is proportional to rrit and Xt and for 
large values of the latter parameter, the coupling can be strongly enhanced. 

Combining the two effects, the amplitude for squarks can be of the same order as the one 
for quarks, despite of the smaller value of the form factors for spin-zero particles, A'q ~ |, 
compared to the one of spin-4 particles, ~ fhe limit r —> 0. The mixing in the 
sbottom sector, = {Af, — mbfitan(3), can also be sizable for large tan/3 and fi values 

and can lead to light bi states with strong couplings to the h boson. Both t and b states 
could then dramatically change the rate for the h ^ gg decay even in the decoupling limit 
where the h boson should in principle behave as the SM Higgs boson [239]. 
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This is exemplified in Fig. 2.29 where, in the left-hand side, the deviation of the branching 
ratio BR(h —> gg) in the MSSM from its SM value, as a result of contributions of top 
squarks with masses = 200 and 400 GeV, is shown as a function of Xt for tan/3 = 2.5 
and Ma = 1 TeV. For small values of there is no mixing in the stop sector and the 
dominant component of the htt couplings in eq. (j1 .lOOfl is oc m^. In this case, the t and ti ^2 
contributions interfere constructively in the hgg amplitude and lead to an enhancement of 
BR(h —> gg). With increasing Xt, the two components of ghiih interfere destructively and 
partly cancel each other, resulting in a rather small stop contribution. For larger values of 
Xt, the last component of ghiih becomes the most important one and the ti loop contribution 
interferes destructively with the f-loop one leading to a reduction of BIi{gg —>■ h). For very 
large values, Xt ~ 1.5 TeV, the branching can be reduced by an order of magnitude if the 
stop is light enough, ~ 200 GeV. 



Figure 2.29: The branching ratio for the gluonic decay of the h boson in the MSSM relative to 
its SM value, BR{h 5'5')|mssm/sm; in various scenarios where the top and bottom squarks 
contribute. The choice of the SUSY parameters is as listed in the figures. 

In the right-hand side of Fig. 2.29, the deviation BR(/i —> gg) from its SM value, as a 
result of the contributions of a light sbottom with mi^ = 200 GeV, is shown as a function 
of —/i for tan/3 = 50 and again M 4 = 1 TeV; the trilinear couplings have been chosen to 
he At = Af, = 0 or 0.5 TeV. As can be seen, the effects can be sizable for large fi values, 
leading to a reduction of BR(h —> gg) by a factor up to 5. Thus, both stop and sbottom 
contributions can render the gluonic width and branching ratio of the h boson very small, 
even in the decoupling regime where it is supposed to be SM-like. This feature is rather 
important also for the production of the MSSM h boson at hadron colliders since the cross 
section for the dominant mechanism gg ^ h is proportional to the gluonic width. 
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The relative weight of the quark and squark loops can be altered by the QCD radiative 
corrections and those affecting the SUSY loops should be thus considered. In the case of 
vanishing mixing between the two squark eigenstates [which should give a rough idea on the 
size of the effect in the general case], these corrections fall into two categories: 


i) The standard corrections to the scalar quark loops, where only gluons are exchanged 
between the internal squark or the external gluon lines; there are also diagrams involving 
the quartic squark interaction. These are the only corrections which appear in a scalar QCD 
theory [which is not the case of the MSSM] and they can be calculated in the large squark 
mass limit using the low-energy theorem discussed in §1.2.4. The squark contribution to the 
QCD (5 function [244] and the anomalous squark mass dimension [245] being 




a: 


a.C = 


11 as 

1 H-^ 

2 TTJ 


- 

o 

*5 3 TT 


(2.48) 


^27r L- 

the virtual QCD correction to the squark amplitude [the QCD real corrections are the same 
as for the quark loops, since the squarks are assumed to be too heavy to be produced] is 
given at NLO by [246] 


C-eS — 
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487r 


7Y 


6 TT 


(2.49) 


The correction factor to the total Tigg amplitude will be then given by eq. dTim . but with 
the addition of the /S.E^ contribution of squarks 


AU® = 


'^Qi dHQiQA'oi'^Q) 
6 ""EQdnQQA^/.iTQ) 


for 4m^ ^ 


(2.50) 


a) However, in a SUSY theory where one component of the Higgs coupling to squarks 
is proportional to the quark masses and another to the trilinear couplings which are both 
affected by strong interactions, one also needs to perform the QCD renormalization of the 
coupling. This will induce additional contributions [247,248] that are ultraviolet divergent 
and which are canceled only if two-loop diagrams involving the exchange of gluinos are added 
to the pure squark loop diagrams [as mentioned previously, such diagrams will also induce a 
coupling of the pseudoscalar A boson to two gluons, which is absent at the one-loop level]. 
In fact, the gluino gives contributions that are logarithmic in its mass and they decouple 
only if both squark and gluinos are made very heavy at the same time. Because of the many 
masses involved in the problem, the analytical expressions of these contributions are rather 
complicated even for heavy gluinos and squarks. However, in the important case of top 
squarks in the limit rrig S> ~ mi^ ~ where large contributions are expected at LO, 
one finds a simple and compact expression for the NLO correction factor to the amplitude 
induced by the gluino loops [247] 

(2.51, 
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This correction is much smaller that the one for the fermion loop, a few percent for 
rrig ~ 1 TeV and mi^ ~ < 2mt [247]. The gluonic h decay width is shown in Fig. 2.30 

in the case where the SUSY loop contributions are included (thick lines) and when only SM 
quarks are involved (thin lines) in two scenarios [248]. In the left-hand side, the variation 
is with respect to the gaugino mass parameter mi /2 defined at the GUT scale in the SPSla 
mSUGRA scenario [249] with mo = —Aq = 100 GeV, tan/? = 10 and sign(/i) > 0, while in 
the right-hand side the variation is with the mass of the heavier stop in a “gluophobic” 
scenario where the top and stop loops nearly cancel each other at LO, m^^ = 200 GeV, Ot = ^ 
and tan/? = 10. In both cases, we are in the decoupling regime and only the top quark and 
the top squark loop contributions are relevant. The full NNLO contribution is of course 
included only for the quark loop since it is not yet available for the squark contribution. As 
can be seen, in the SPSla scenario, the stop contributions are in general modest except for 
relatively small mi /2 values which lead to light gluinos, rrig ~ 2.5mi/2 ~ 250 GeV, and light 
t states. In contrast, the impact of the NLO and NNLO corrections is very important in the 
gluophobic scenario, when the hgg coupling nearly vanishes, since they change the point at 
which the cancellation of the squark and quark contributions occurs. 



Figure 2.30: The partial decay width P(h —> gg) at LO (dotted) NLO (dashed) and NNLO 
(solid lines) where the thick (thin) lines are with (without) the squark contributions: as a 
function of mi /2 in the SPSla mSUGRA type model (left) and as a function of (2 in a 
“gluophobic” Higgs scenario; from Ref. [248]. 

The two—photon decays 

Besides the loop contributions built up by W bosons, fermions and charged Higgs bosons 
in the case of the PL = h,H bosons and fermions only in the case of the A boson, the 77 
couplings of the MSSM neutral Higgs bosons are mediated by sfermion and chargino loops in 
the H'j'j case and chargino loops in the case of the A 77 coupling [38,217,219]. The partial 
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decay widths, including the standard contributions, have been given in eq. Trm and the 
amplitudes of the additional SUSY particles are given by [41] 


2Mu 


•^SUSY - - X] ^ ^ 5'wx+x“"^U2(^x*) + X] 

li h 




*A\.* 


SUSY 


- -^xi - TZT^^X+X-^1/2(V) 




(2.52) 


In the case of the h —> 77 decay, the contributions of the charged sleptons and the scalar 
partners of the light quarks are, similarly to those of the charged Higgs bosons, extremely 
small. This is a consequence of the fact that these particles do not couple to the Higgs 
bosons proportionally to their masses [as the masses are generated by soft SUSY-breaking 
terms and not through the Higgs mechanism] and the amplitudes are damped by inverse 
powers l/m^. In addition, the Higgs couplings to these particles are in general very small 
and the amplitude for spin-0 particles is much smaller than the dominant W amplitude. In 
the decoupling regime, these contributions are negligible compared to the largely dominating 
W boson contribution since the hWW couplings is not suppressed in this case. 

A detailed analysis of the contribution of the additional MSSM particles to the two photon 
decay mode of the lighter CP-even Higgs boson in the decoupling regime has been performed 
in Ref. [219] with the conclusion that only the lighter chargino and third generation squarks 
can have a significant effect if their masses are not far above the present experimental bounds. 
The contributions of the charginos to the partial decay width, which are only damped by 
powers 1 /m ± for high loop masses compared to the 1 /m^ suppression for sfermions, can 
exceed the 10% level for masses close to m^± ~ 100 GeV, in particular when Xi is a mixed 
gaugino-higgsino state in which case its couplings to the h boson are enhanced. The chargino 
contributions become rather small for masses above m ± > 250 GeV. 

Because of the same reasons given just previously for the h ^ gg case, the top squark 
and to a lesser extent the bottom squark, can generate sizable contributions to the h —»■ 77 
partial width. For stop masses in the ~ 200 GeV range and for large values of Y^, the SUSY 
contribution could reach the level of the dominant W boson contribution and the interference 
is constructive increasing significantly the decay width. In the no-mixing case, the stop 
contributions is smaller because of the smaller ghi^h coupling but leads to a destructive 
interference. This is shown in the left-hand side of Fig. 2.31 where the deviation of the 
branching ratio BR(h —> 77 ) in the MSSM from its SM value is displayed in the same 
scenario as for the h ^ gg case discussed above. 

In the right-hand side of the figure, the effects of a light sbottom are shown for, again, 
the same scenario as in the h —>■ gg decay. In this case, the effects are much smaller than 
in the previous scenario, where stop contributions where dominant, because of the smaller 
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9hbihi coupling compared to ^J^cl the smaller electric charge Qi, = —\Qt and, of course, 
because of the dominance of the W contribution. Note that in this hgure, both the stop and 
chargino contributions are included; the latter can be visualized for At = Ai, = 0.5 where it 
leads to a ~ 10 % deviation from unity, as discussed earlier. 



Figure 2.31: The branching ratio for the two-photon decay of the h boson in the MSSM 
relative to its SM value, BR{h —> 77)|mssm/sm; in various scenarios where the SUSY particles 
contribute. The choice of the SUSY parameters is as listed in the figures. 


For the heavier CP-even and CP-odd Higgs bosons [for the H boson in the anti- 
decoupling regime, the previous discussion for the lighter h particle approximately holds], 
the contributions of the SUSY particles can be rather large. Indeed, charginos and sfermions 
can have masses that are comparable to the Higgs masses and, therefore, do not decouple 
and the W contribution is absent or strongly suppressed. The top quark contribution is also 
suppressed and the bulk of the coupling can be provided by the SUSY loop contributions. 
However, for large tan (3 values, the 6 -quark loop contribution will be strongly enhanced and 
the SUSY contributions will then hardly compete. 

Finally, the QCD corrections to the squark loops for the 77 decays are available 

only in a purely scalar QED. In this case, they are similar to the corresponding component 
of the Ft gg decays discussed earlier except that, here, the heavy squark contribution to 
the QED (3 function is (3^ = ^[1 + 4^] [244] which leads to an effective NLO Higgs -77 
coupling [and in the limit Mz Higgs-Z 7 coupling] [219] 
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This component of the QCD correction is small, increasing the amplitude by a mere 10%. 
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The decays into Z 7 final states 


In principle, the contributions of the SUSY particles [228, 229] to the loop induced Higgs 
couplings to Z 7 final states [to our knowledge, the full sparticle contributions to the 
7 lU^ and ZW^ decays have not been discussed in the literature] lead to slightly more 
involved analytical expressions than for the two-photon coupling. This is due to the mixing 
in the sfermion sector and the possibility of having a non diagonal Zfif 2 coupling [which is 
absent in the two-photon case as a result of electromagnetic gauge invariance] and Higgs- 
/ 1/2 transitions; this is also the case in the chargino sector where couplings of Higgs and Z 
bosons to xtX 2 mixtures are present. The complete analytical form of the decay amplitudes, 
including these transitions, can be found in Ref. [229]. However, the effects of the mixing 
are in general small and can be ignored for most purposes^®. In this case, only identical 
sfermions and charginos will be running in the loops and the analytical expressions of the 
amplitudes of these SUSY particles simplify to [41] 
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where the not yet defined Z boson couplings to charginos and sfermions are given by 
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All other couplings and form factors have been introduced previously. 

The SUSY contributions to the h —> 7 Z decays have been discussed in Ref. [229] in the 
decoupling limit and we briefly summarize here the main results, referring to the previous 
article for details. In general, the contribution of sfermions are negligible except again in the 
case of rather light top squarks with enhanced couplings to Higgs bosons, where contributions 
at the level of that of the top quark loop can be generated. The chargino contributions which, 
as in the h —>• 77 case, are only suppressed by powers of l/m^± at large masses, can also be 
sizable increasing or decreasing [depending on the sign of g] the total amplitude by as much 
as the top quark contribution. However, as already discussed, the W boson contribution is 
by far dominating in this case and the total effects of the additional SUSY loops can never 
reach the 10 % level even for sparticle masses very close to their experimental lower bounds. 

the case of sfermions, for instance, the contribution of the mixed states are proportional to sin 40/ 
since ex. cos 20/ and sin 20/ and are therefore very small, being zero in both the no-mixing 

[0/ =0] and the maximal mixing [0/ = ±-|] cases. 
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2.2.3 Decays into charginos and neutralinos 


The decay widths of the Higgs bosons Hk, with /c = 1,2, 3,4 corresponding to respectively, 
H, h, A, bosons, into neutralino and chargino pairs are given by [40,61,250-252] 


^ XiXj) 


2y/2-K 1 + % 


\ Hk 

j p rriy.my. 

Hk - 



(2.56) 


where 5ij = 0 unless the hnal state consists of two identical (Majorana) neutralinos in which 
case Sii = 1] ei = ±1 stands for the sign of the ith eigenvalue of the neutralino mass matrix 
[the matrix Z is dehned in the convention of eq. (I1.27|l . and the eigenvalues of the mass matrix 
can be either positive or negative] while e* = 1 for charginos; Xij-k is the usual two-body 
phase space function given previously^®. 

The left- and right-handed couplings of the Higgs bosons to charginos and neutralinos 
are given in eqs. (ii.ii()Hi.ii2ii . From these couplings, one can see that the Higgs bosons 
mainly couple to mixtures of higgsino and gaugino components. Therefore, in the limits 
\fi\ 3> Mi^ 2 ,Mz or |/i| Mi^ 2 , i-o. in the gaugino or higgsino regions for the lightest ino 

states, the decays of the neutral Higgs bosons into pairs of identical neutralinos and charginos, 
Hk XiXii will be strongly suppressed. For the same reason, the charged Higgs decays 

will be suppressed. In these limiting situations, the mixed decay 
channels H/A —> Xi 2 X 3 4 )Xfx^ ^ind H~^ —> Xi’X 3 4 ,X^Xi 2 will be the dominant ones for the 
heavy Higgs particles. In the mixed region, |/n| ~ M 2 , all decay channels occur at comparable 
rates when they are kinematically allowed. An exception to these rules occurs, however, for 
the neutral Higgs boson decays into neutralinos when the couplings accidentally vanish for 
certain values of tan /3 and M^. 

In mSUGRA type models, there is a signihcant portion of the parameter space in which 
|/i| [as well as turns out to be very large, |/i| 3> M 2 , Mi, Mz, and it is worth discussing 
the heavier Higgs boson decay widths into charginos and neutralinos in this limit. In addition 
to the fact that decays into pairs of identical states are suppressed by the small couplings, 
there is an additional suppression by phase-space for decays into higgsino-like states since 
Ma is of the same order as |/i|. The partial widths of the dominant decay channels of the 
H,A and bosons in this case [61] are displayed in Table 2.1 for Ma values sufficiently 
larger than |/i|, so that phase-space effects can be ignored in a first approximation. Since 
we are in the decoupling limit, the relation sin2Q! = — sin 2/3 has been used. 

^°The radiative corrections to these decays have been calculated in Ref. [253] and found to be moderate, 
being at most at the level of ~ 10%. 
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Table 2.1: The partial widths of neutralino/chargino decays of the heavier Higgs bosons H, A 
and in units of Gin the limit Ma ^ |/i| 3> M 2 . 

The sum of the branching ratios for the heavier H, A and boson decays into all possible 
combinations of neutralino and chargino states are shown in Fig. 2.32 as a function of the 
Higgs masses for the values tan/? = 3 and 30. To allow for such decays, we have departed 
from the benchmark scenario used in previous instances to adopt a scenario in which we 
have still Ms = 2 TeV with maximal mixing in the stop sector, but where the parameters 
in the ino sector have been chosen to be M 2 = —p = 150 GeV while M 3 is still large. This 
choice leads to rather light ino states, < 200-250 GeV depending on the value of tan /?, 
but which still satisfy the experimental bounds of eq. ()1.53|) . e.g. m^+ > 110-130 GeV. 



Ma [GeV] [GeV] Mg [GeV] 


Figure 2.32: The branching ratios for the decays of the heavier MSSM A, and H bosons 
into the sum of charginos and/or neutralinos as a function of their masses for tan /3 = 3 and 
30. The relevant SUSY parameters are Ms = 2 TeV and M 2 = —p = 150 GeV. 


122 
























In general, the snni of these branching ratios is always large except in a few cases: {i) for 
small A masses when the phase space is too penalizing and does not allow for the decay into 
(several) ino states to occur; [ii) for the H boson in the mass range Mh ~ 200-350 GeV and 
small tan (3 values when the branching fraction for the decay H ^ hh is too large; and {Hi) 
for just above the tb threshold if not all the decay channels into the heavy y states are 
open. This is exemplihed in the hgure, where some of these qualitative features can be seen 
[here, the inos are light and the phase space is thus favorable; one can even see the decay 
H —>■ XiXi low Mh]- Note that when kinematically open, the decays of the neutral Higgs 
bosons into charginos dominate over the decays into neutralinos. 

In fact, even above the thresholds of decay channels including top quarks and even for 
large tan/5 values, the branching ratios for the decays into charginos and neutralinos are 
sizable. For very large Higgs masses, they reach a common value of approximately 30% for 
tan/5 ~ 2 and tan/5 ~ 30. Indeed, as a consequence of the unitarity of the diagonalizing 
chargino and neutralino mixing matrices, the total widths of the three Higgs bosons decaying 
into inos do not depend on the parameters M 2 and /i and only mildly on tan/5. In the 
asymptotic regime M<j, ^ m^, this gives rise to the branching ratio [250] 


ij 


(1 + itan^ 9w) 

(1 + 1 tan^ 9w) M^ + Tfij cot^ /5 + {ml + m^) tan^ /5 


(2.57) 


where only the leading tt, bb and rr modes for the neutral and the tb and tu modes for 
the charged Higgs bosons need to be included in the total widths. The branching ratios are 
shown in Fig. 2.33 as a function of tan/5 with Ma hxed to 500 GeV. 



Figure 2.33: The sum of the branching ratios for the A, H, boson decays into charginos 
and neutralinos as a function o/tan/5 for Ma = 500 GeV. 
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They are always large, even for extreme values of tan/3 ~ 1 or 50 where they are still 
at the 20% level. They are dominant for values tan /3 ~ 10 when the Higgs coupling to top 
quarks are suppressed while the bb couplings are not too strongly enhanced. 

The experimental bounds on the lightest chargino mass, m + > 104 GeV, does not allow 
for chargino/neutralino decay modes of the lightest CP-even Higgs boson h since ^ 140 
GeV, except for the invisible decays into a pair of the lightest neutralinos, h —> XiXi [254, 
255]. This is particularly true when the universality of the gaugino masses at the GUT scale, 
which gives Mi ~ 4M 2 at the low scale, is relaxed leading to light LSPs while the bound 
on m^± is still respected [255]. In general, when the XiXi decay is kinematically allowed, 
the branching ratio is sizable, in particular, for positive jj, and small tan/3 values; for /r < 0, 
the branching ratios are much smaller since the inos are less mixed in this case. The rates 
become smaller for increasing tan/3, except for Mh ~ when the coupling is no 

longer enhanced. 

This discussion is illustrated in Fig. 2.34 where the invisible h branching ratios are shown 
for tan /3 = 10 as a function of Mh- In the left-hand side, the same scenario with negative /i 
values as above has been adopted, while the right-hand side is for a scenario with positive 
jj, values, fi = M 2 = 160 GeV. The chosen parameters lead to masses for the h boson and 
the xf states that are larger than the respective experimental bounds. 



Mh [GeV] Mh [GeV] 


Figure 2.34-' The branching ratio of the decay of the lighter h boson into the lightest neu¬ 
tralinos as a function of Mh /or tan/3 = 10 and positive (left) and negative (right) fi values. 
The relevant SUSY parameters are as described in the text. 
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When the universality condition M 2 — 2Mi is assumed, the phase space allowed by the 
constraint m^± > 104 GeV is rather narrow and the invisible decay occurs only in a small 
Mfi range near the maximal value. However, in the /i > 0 case, the branching fraction can 
reach the level of 10% when the decay takes place. When the universality assumption is 
relaxed. Mi = O. 3 M 2 and O.IM 2 for instance, the LSP is lighter and the invisible decay 
h —> XiXi occurs in a much larger portion of the parameter space. Despite of the fact that 
in this case, Xi is bino-like and its coupling to the h boson is not very strong [in particular, 
for p < 0, it even vanishes for Mi = O. 3 M 2 in a small range near the decoupling limit], 
the branching ratios are rather large, especially for the maximal Mh value when the partial 
width of the h ^ bb decay is SM-like. Thus, large rates for the invisible decays of the h 
boson are still possible in the MSSM. 


2.2.4 Decays into sfermions 


The partial decay widths of the neutral and charged Higgs bosons, = h, H, A, for 
k = 1, ..,4, into sfermion pairs can be written as [61,256] 


^ fj]) = 




A 


1/2 


2V27iMh, 


(2.58) 


1 /2 

where the two-body phase space function is as dehned previously and the neutral 

and charged Higgs boson couplings to sfermions are given in eq. (Il.l()3|) . 

For the hrst two generations of sfermions, the decay pattern is rather simple. Because 
the fermion partners are almost massless, the A boson which couples only to / 1/2 mixtures 
with couplings oc ruf, does not decay into sfermions. Because of the experimental lower 
limits on the sfermion masses from LEP2 and Tevatron, the sfermionic decays of the lighter 
h boson are kinematically closed. In the asymptotic regime, Mh h± S> mj, the decay widths 
of the H and bosons into sfermions are proportional to Ar? 2j3 M‘^/Mh^. and can be 
signihcant only for low values tan/I for which sin^ 2/1 ~ 1. However, in this regime, the 
partial widths of the decays H WW, ZZ, hh, tt and Wh,tb as well as of the decays 

into charginos and neutralinos, Hk —»■ yy, are very large and the sfermion decays do not 
compete. In particular, since they are inversely proportional to Mh^, the sfermion decays 
are suppressed for large Higgs masses compared to // and yy decays which increase with 
Mh,.- Thus, these decay channels are unlikely to be important [61]. Note that due to the 
isospin and charge assignments, the coupling of the H boson to sneutrinos is approximately 
a factor of two larger than the coupling to the charged sleptons. Since the sleptons of the 
three generations are approximately mass degenerate [if one ignores the mixing in the f 
sector which is very small for low values of tan /I], the small decay widths into sleptons are 
given by the approximate relation V{H —> vv) ~ 4P(M —*• Il^l) — 4P(M —»• ^r^r)- 
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In the case of third generation squarks^^, the Higgs decay widths can be much larger [61]. 
For instance, the partial decay width of the H boson into identical top squarks is proportional 
to rnl/ x cot^/5 in the asymptotic region and, for small tan/?, it will be strongly 
enhanced compared to decays into hrst/second generation squarks. Conversely, the decay 
widths into bottom squarks can be important at large tan/?. Furthermore, the decays of 
the H, A bosons into mixed stop and sbottom states will be proportional [up to mixing 
angle suppression for H] in the asymptotic region to respectively, [/i + cot/?]^ 

and ml/MH^ [/i + H^tan/?]^. For /i and Aq values of the order of the Higgs boson masses or 
larger, these decay widths will be competitive with the chargino/neutralino and the standard 
fermionic decays. The same remarks can be made for the stop plus sbottom decays of the 
charged Higgs boson which increases as t&v? (5. Note that for large values of Aq and/or /i, 
the mixing in the squark sector becomes very strong and generates a mass splitting between 
the two squark eigenstates, making one of them possibly much lighter than the other and 
lighter than the hrst/second generation squarks. These decays will be thus more favored by 
phase space, in addition. 

The previous discussion on bottom squarks can be translated to the case of r sleptons. 
However, since nir is smaller compared to mb and the color factor is missing, Higgs decays 
into staus will be suppressed compared to the i, b decays. Nevertheless, the phase space is in 
general more favorable in the slepton case and, at large tan /?, the lighter stau state can be 
the next-to-lightest SUSY particle (NLSP). In some regions of the MSSM parameter space, 
only Higgs decays into tan sleptons could be therefore kinematically allowed. 

To illustrate this discussion, we show in Fig. 2.35 the branching ratios for the decays of the 
heavier Higgs bosons A, H and into third generation sleptons and squarks, as well as into 
the competing chargino and neutralino hnal states, as a function of the Higgs masses. The 
individual decays have been summed up and we have chosen a scenario with tan /? = 10 and 
where the sfermions are rather light [but where Xi is still the LSP and the LEP lower bound 
on Mh is evaded]: the sfermion masses are mg. = 2mi = 300 GeV with trilinear couplings 
Af = —2mj, while the parameters in the ino sector are M 2 = /x = |Mi = 2M3 = 300 GeV. 
In this scenario, the lighter stop and stau states have masses of the order of ~ 160 GeV 
and ~ 140 GeV, slightly above the LSP mass m^o ~ 135 GeV, while the lighter sbottom 
mass is larger, ~ 280 GeV. As can be seen, the decay rates for sleptons are rather tiny, 
although the channels open up earlier. For intermediate Higgs masses, the decays of the H 
boson into squarks are by far the dominant ones, reaching branching ratios of the order of 
80%. The decay channels A —> iii 2 and > tb open up later since the G and states 

^^The QCD corrections for squark decays and the electroweak corrections for all sfermion decays have 
been calculated in Refs. [257,258] and have been found to be potentially very large. As in the case of the 
fermionic decays, the bulk of the corrections can, however, be mapped into running masses and couplings 
and the remaining corrections are then rather small in general [70]. 
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are heavier and, again, they are sizable. In this regime, > 500-600 GeV, the decays into 
ino states become competitive and, eventually, dominate at higher Higgs masses since their 
partial widths increase with Mh^. 



Mh [GeV] Ma [GeV] Mh± [GeV] 


Figure 2.35: The branching ratios for the decays of the bosons into third genera¬ 

tion sleptons and sguarks and into charginos and neutralinos as a function of their masses. 
tan/3 = 10 has been chosen and the various SUSY parameters are as listed in the figure. 

2.2.5 Decays into gravitinos and possibly gluinos 

In gauge mediated SUSY-breaking models [58], the gravitino G is rather light [259] with a 
mass which can be as small as < 10“^ eV. The neutral and charged MSSM Higgs bosons 
can therefore decay into light gravitinos and, respectively, neutralinos and charginos [260]. 
The couplings of the “longitudinal” spin-| components of the gravitino to ordinary matter 
are enhanced by the inverse of the gravitino mass and, if is sufficiently small, this can 
compensate the suppression by the inverse Planck mass, Mp = 2.4 ■ 10^® GeV, that appears 
in all gravitational interactions. In fact, a longitudinal gravitino is [259, 261] simply the 
goldstino that signals the spontaneous breakdown of global SUSY and whose coupling are 
inversely proportional to the SUSY-breaking scale M| ~ m^Mp. Since goldstino couplings 
contain momenta of the external particles, the partial widths for decays into hnal states 
containing longitudinal gravitinos depend very strongly on the mass of the decaying particle, 
T/^j. cx and can be the dominant decay modes for large values of Mp^. 
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The partial decay widths of the MSSM Higgs bosons = h, H, A, into gravitinos 
and neutralinos or charginos Xi given by [260] 


r{Hk ^ x^G) 


487r m^^Ml \ 


(2.59) 


where the coupling factors Ig^xinJ have been given in eq. (Il.lldj) and are sizable only when 
the charginos and neutralinos have large higgsino components. 

It would appear from the previous equation that the partial widths for Higgs to gravitino 
decays could be made arbitrarily large by making ttIq very small if Mh^ > m^.. However, 
a very small gravitino mass corresponds to a small SUSY-breaking scale and present lower 
bounds on sparticle masses imply that Ms should be of the order of several hundred GeV at 
least, which corresponds to a gravitino mass of a few times 10“'^ eV. In fact, rriQ ~ 10“'^ eV 
corresponds to Ms = 650 GeV, which is already quite close to its lower bound in realistic 
models. We thus adopt the value rriQ = 2 ■ 10““^ eV in the numerical illustration below. 



Figure 2.36: The branching ratios for the decays of the A, H, bosons into gravitinos and 
all possible chargino and/or neutralino states as a function of their masses, tuq = 2 ■ 10“^ 
eV and the other relevant SUSY parameters are tan/3 = 3 and M 2 = —/i = 150 GeV. 

The branching ratios of the H, A and boson decays into light gravitinos and all 
possible combinations of Xi and xt states are shown in Fig. 2.36 as a function of the Higgs 
masses. Besides = 2-10“"^ eV, we have used the value tan /3 = 3 and fixed the parameters 
in the ino sector to M 2 = —ja = 150 GeV. As can be seen, the decays of the three heavy 
MSSM Higgs bosons into light gravitinos and inos could be larger than the decays into 
standard particles and into chargino/neutralino pairs for large Higgs masses, Ma ^ 700 
GeV in this case. For Higgs bosons with masses in the intermediate range, Ma = 300-600 
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GeV, the branching ratios can also be sizable, a few percent. For the lighter h boson and 
for the pseudoscalar A boson when Ma ^ 150 GeV, the branching ratios cannot exceed the 


level of a few per mille for such a value of the Higgs masses being not large enough to 
beneht from the enhancement. 

Finally, let us briefly discuss the possibility of Higgs boson decays into light gluinos. The 
existence of very light gluinos is very unlikely [262] but the mass range 3 GeV < rrig < 6 GeV, 
has not been dehnitely ruled out experimentally in a very convincing way. Gluinos can be 
produced in two-body decays of Z bosons, Z ^ gg [263,264], but the maximal branching 
ratio is very small, ~ 5 ■ 10“^, if reasonable assumptions are made. With such a small rate, 
the mass range can be probed only by a dedicated search for gluino hnal states in four-jet 
events which are difficult. If by any (lack of?) chance it were the case, the existence of light 
gluinos could also substantially complicate the search for the MSSM Higgs bosons. 

There are two vertex diagrams contributing to the loop induced gluino decays of neutral 
Higgs bosons: one with two quark and one squark propagators and the other with two 
squark and one quark propagators. Since gluinos are identical Majorana fermions, one has 
to antisymmetrize the decay amplitude. As a result, in the absence of squark mixing, i.e. in 
the limit where either Xq or rriq are set to zero, the amplitudes are proportional to rrig and, 
hence, very small [265]. Thus, only the contributions of the top and bottom quarks and their 
SUSY scalar partners have to be taken into account. Gonsidering the gluinos as massless, 
summing over colors and taking into account the fact that there are two identical particles 
in the hnal state, the partial decay widths of the GP-even Ti. = h,H and the GP-odd A 
bosons into a pair of gluinos are given by 



(2.60) 


The amplitudes Aq can be written as 



+‘^ 9 Hqiq 2 cot 29gCo{mq^ , rrig^ , nig) 


(2.61) 



ml,)Co{mq,mq,mqJ] 


(2.62) 


where all couplings involved have been already given and the Passarino-Veltman scalar 
function Go (mi, m 2 , m 3 ) [74], in the limit where mi = m 2 M<j, is given by 



(2.63) 
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As discussed in many instances, in the case of large mixing in the stop sector, top squarks 
can be lighter than all the other squarks and their couplings to the Higgs bosons strongly 
enhanced. The gg hnal state can then completely dominate the decay of the lighter scalar 
h boson and might be a signihcant fraction of the decays of the heavier neutral CP-even 
and CP-odd Higgs bosons. This is exemplihed in Fig. 2.37 where the branching ratio for 
the h ^ gg decay is shown as a function of the mass of the lighter stop eigenstate mi^ for 
tan/? = 25 (left) and 2 (right) and several values of M^. The common squark soft SUSY- 
breaking mass parameter is hxed to Ms = 400 GeV with p = 200 GeV for most cases. 
The curves have been obtained by varying the common A = At^ parameter in the region 
A < 0 from the points where the stop mass is minimized and maximized. As can be seen, 
the branching ratio for h ^ gg can reach almost unity in the decoupling limit and for not 
too heavy stop masses. For small Ma values, the branching ratio is smaller, in particular at 
large tan /? when the partial width of the decay h —>■ bb is enhanced. 


mg=400 GeV, ^=200 GeV. A<0 




Figure 2.37: The branching ratio of the lighter h boson decay into very light gluinos as a 
function of the lighter stop mass for tan ft = 25 (left) and 2 (right). The values of Ma, Ms 
and /i are as indicated and the trilinear coupling A is varied as discussed in the text. 

For the heavier GP-even and GP-odd Higgs bosons, the branching ratios for the decays 
into gluinos can be also important for low values of tan/3 and for Higgs masses below the 
tf threshold. At high tan /3 values, these decays will be superseded by the enhanced decays 
into bb hnal states. 

Finally, in the more realistic case of heavy gluinos, for which the experimental bound 
nig > 200-300 GeV from Tevatron searches holds, the decays h ^ gg are of course kine¬ 
matically forbidden, while the branching ratios for A/H gg decays are negligible because 
of the loop suppression factor and, for low tan /3 values, the opening of channels where the 
Higgs particles have tree-level decays into other heavy states such as top quarks which are 
dominant; see Ref. [264] for details on these decays. 
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2.3 Decays of top and SUSY particles into Higgs bosons 
2.3.1 Top quark decays into charged Higgs bosons 
The standard t bW decay in the MSSM 

The main decay channel of the top quark should be the standard mode t bW with a 
branching ratio which has been measured at the Tevatron to be [1] 

BR{t Wb) = 0.941°;3i (2.64) 

The partial decay width, retaining the dependence on the 6-quark mass, is given by 

r(t ^ bW+) = 1) + ml) + {ml - ml)^ - 2M^] (2.65) 

where as usual A(x, y, z) = (1 — xjz — yjzY —^xy/z^ and xw = M^/mt, Xb = mb/mf. For a 
top quark mass mt — 180 GeV, the partial width which is proportional to ml, is of the order 
of Tt ~ 1.8 GeV. Since this value is much larger than the QGD scale Aqcd, the top quark 
will decay long before it hadronizes, allowing to make reliable perturbative calculations. 

The radiative corrections to eq. (j2.65|) are well known. The standard QGD corrections 
have been calculated up to two loops [266,267] and decrease the partial width by approxi¬ 
mately 10%. The one-loop electroweak corrections [267,268], when the naive improved Born 
approximation is used [that is, when the partial width at the Born level is expressed in terms 
of as in eq. are positive but small, hardly reaching the level of 2%. 

In the MSSM, the additional QGD and electroweak corrections due to virtual SUSY 
particles have been calculated in Ref. [269]. The SUSY-QGD corrections, when gluino and 
top squarks are exchanged, are negative and small in general, being at most a few percent; 
they do not depend on tan/3. In turn, the SUSY-EW corrections are negative and can reach 
the level of —10% depending on the various SUSY parameters and in particular on the value 
of tan /3 [since they involve the exchange of stops and neutralinos or sbottoms and charginos 
which can have enhanced couplings to the top quark when the inos are higgsino like]. The 
MSSM Higgs exchange contributions are extremely tiny, being less than 0.1%. Note that in 
a 2HDM, that is, without the exchange of SUSY particles and when only additional Higgs 
contributions are present, the radiative corrections have been derived in Ref. [270]. 

Despite the experimental measurement eq. in which the central value of BR(f —> 

bW) is very close to unity, there is still a large room for non-standard decays of the top 
quark. First, the value has been obtained from the measurement of the pp ^ tt bWbW 
cross sections and thus includes all the channels which can mimic WbWb final states. In 
addition, the error on the measurement is rather large and at the 2a level, the branching 
ratio can be as low as BR(f —> Wb) ~ 50%. New decay channels, such as t —»■ H~^b, are thus 
still allowed provided that they are not dominating over the standard t —> bW mode. 


131 








The t —> bH^ decay in the MSSM 


If the bosons are relatively light, Mh± ^ rrit — mi,, they can be produced in the decays 
of to quarks [178,179], Fig. 2.38a, 

t^H+b , t^R-b ( 2 . 66 ) 

The couplings of the bosons to tb states haven been given in eq. where one can 

observe that they are proportional to the combination 

gu+tb oc mbtan/3(l+ 75 )+mtCot/ 3 (l- 75 ) (2.67) 


Thus, for small tan /3 ~ 1 or large tan /3 ~ 30 values, the couplings are strong enough to make 
this decay compete with the standard t bW^ channel discussed above. For intermediate 
values of tan/3, the t-quark component of the coupling is suppressed while the 6 -quark 
component is not yet strongly enhanced and the overall couplings is small; the minimal 
value of the coupling occurs at the point tan/3 = y/m^mt, ~ 6 . 



Figure 2.38: Tree level and generic one-loop diagrams for the t —>■ bH'^ decay. 


In the Born approximation, keeping the explicit dependence on the bottom quark mass, 
the partial width of the t —> H~^b decay is given by [178] 


hro — 


Gf,mt 

SV2ti 


|I/tb|^A(x^,Xfe; 1)2 [(m^^ cot^/3 + 


tarn f3){l + xl — xjj) + 4m; 




( 2 . 68 ) 


where X{x,y]z) has been dehned before and xh = Mh±/ mt,xi, = mb/mt. At least the 
standard QCD corrections need to be incorporated in this partial width. Neglecting the 
non enhanced effects of the 6 -quark mass [i.e. keeping m^ only in the Higgs coupling], the 
standard gluonic corrections at NLO, Fig. 2.38b, may be written as [271] 
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U2{xh) + log(x/^) log(l - xIj) + 


-y + ^ + I log(a:b) , G- = ~ log(a;6) 


(2.69) 


As can be seen, there are large logarithms, log(m;,/mt), in these expressions. For low 
masses, where one can use the approximation xh —> 0 , one has G+ —> | — ^ + | log ^ 
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and G_ = 


log—. Thus, at low tan/3 values where the component oc m'f is dominant, 


the logarithms in G+ + G- cancels out as expected and the correction is small. In turn, 
for tan/3 ^ 1, the logarithm remains, G+ — G_ —> +| log —, leading to large and negative 
corrections, ~ —60%, to the partial decay width. However, these logarithmic corrections 
can be mapped again into the running 6-quark mass defined at the scale rrit. 

In the MSSM, there are additional corrections stemming from SUSY-QCD where squarks 
and gluinos are exchanged or from SUSY-EW contributions where weakly interacting par¬ 
ticles with strong couplings are involved; see Fig. 2.38c. These corrections can also be very 
large, in particular, for large values of tan/3. These important corrections have been dis¬ 
cussed in many instances [272] and we refer to the review of Ref. [273] for details. Here, 
we simply note that the bulk of these corrections is in fact originating from the threshold 
corrections to the bottom quark mass, eq. and can readily be included by using the 

corrected 6-quark Yukawa coupling given in eq. ()1.14()j) . 

In the left-hand side of Fig. 2.39, borrowed from Ref. [273], shown is the partial decay 
width r(t H~^b) at the tree-level and including the standard as well as the MSSM radiative 
corrections as a function tan/3 for two sets of SUSY parameters indicated in the caption. 
In the right-hand side of the hgure, shown are the individual corrections normalized to the 
Born term for the set of parameters with /i > 0. As can be seen, the corrections can be 
extremely large reaching ~ 80% for the SUSY-QCD corrections [which have the same sign 
as fi] and ~ 40% for the SUSY-EW ones [which have the opposite sign of At/j]. 
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Figure 2.39: The top quark partial decay width T(t ^ H^h) compared with the SM one as 
a function of tan (3 for Mh± = 120 GeV. Shown are the tree-level and corrected widths for 
two sets of the SUSY parameters At = —150,100,150,300,-1-300 GeV and 

-1-150, 200, 600,1000, —300 GeV (left) and the relative corrections from various sectors of the 
MSSM for the set with /r > 0 (right); from Ref. [273]. 
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The t —> bH^ branching ratio 


The branching ratio for the t —> bH~^ decay, dehned as^^ BR(t —»■ bH^) = T{t ^ bH~^)/[T{t 
bW) + r(t —> bH~^)], has been already displayed in Fig. 1.20 of §1.4.2. It is shown again in 
Fig. 2.40 but as a function of the charged Higgs boson mass for three values, tan/3 = 3,10 
and 30. We have included only the standard QCD corrections to the two decays. One no¬ 
tices the small value of the branching ratio at intermediate tan/3 where the component 
of the coupling is suppressed while the mb component is not yet enhanced, and the clear 
suppression near the threshold: for Mh± ^ 160 GeV, the branching ratio is below the per 
mille level even for tan/3 = 3 and 30. 



Mh± 

Figure 2-40: The branching ratio for the decay of the top guark into a charged Higgs boson 
and a bottom guark as a function of Mh± for three values tan/3 = 3,10 and 30; only the 
standard QCD corrections have been implemented. 

Note hnally that charged Higgs bosons can also be produced in SUSY cascade decays via 
the pair production of gluinos [at hadron colliders] and/or top and bottom squarks [at both 
hadron and lepton colliders], followed by their cascades into top quarks, which subsequently 
decay into charged Higgs bosons. Another possibility is production from SUSY cascades 
involving the decays of heavier chargino and neutralino states, x ^ t X, followed by the 
decay t —> H~^b. In fact, the most copious source of bosons in a SUSY process could 
be the decays of heavier charginos and neutralinos into lighter ones and a charged Higgs 
particle, to which we turn our attention now. 

assume of course that only the two decay channels t Wb and t —> H'^b are kinematically accessible. 
However, in view of the lower bounds on the SUSY particles eq. itLYlll . the possibility that the top quark 
decays into a top squark and a neutralino, t —> txi [274], is not entirely ruled out. 


134 





2.3.2 Decays of charginos and neutralinos into Higgs bosons 

Charginos and neutralinos can be copiously produced at the LHC in the cascade decays 
of squarks and gluinos g —> > qqxi and q —> qxi [275] and can be accessed directly 

at e+e“ colliders through pair or mixed pair production, e+e“ —> XiXj [276]. If the mass 
splitting between the heavier y!] 4 , xt states and the lighter xf states is substantial, the 
heavier inos can decay into the lighter ones and neutral and/or charged Higgs bosons 

X^,X 3 ,X 4 ^ xf,xlXi + h,H,A,H^ (2.70) 


In fact, even the next-to-lightest neutralino can decay into the LSP neutralino and a neutral 
Higgs boson and the lighter chargino into the LSP and a charged Higgs boson, 

y° ^ y? + h, H, A and y^ ^ y? + (2.71) 

These decay processes will be in direct competition with decays into gauge bosons, y* —>• y^H, 
and if sleptons are light [we assume that squarks are rather heavy, being the main source of 
heavy inos at the LHC for instance], decays into leptons and their slepton partners, y* —> iij. 
The partial decay widths of these possible two-body decays are given by [277,278] 


nxi^iij) = 

nx^^xJV) = 

+ 


a 


- m-y. q .7 
a 


OCw 


1 “hq 

'^Xi \~^‘^V^j3xiX3y^XiXjy 


(2.72) 

(2.73) 
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T{xi XjHk) = I A2 (p^., I + i9xiX3H,Y\ (1 + hx, “ m) 

+ hxj 9xiXjHk9xiXjHk^ (2.74) 

where A(x, y) = 1+x'^+y^ — 2{xy+x+y) is the usual two-body phase space function with the 
reduced masses yx = fT^x/'^xi have neglected the lepton mass and, hence, slepton 

mixing. The couplings among charginos, neutralinos and the Higgs bosons = h,H,A 
and for k = 1,2, 3,4 have been given previously, eqs. (ii.ii()m.ii2ii . as were given the 
couplings of the Z boson to chargino pairs, eq. (ITHT)D . The other ino couplings ioWjZ 
bosons which are needed, using the same normalization, are given by 
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while the couplings among neutralinos/charginos, leptons and sleptons = (-Li^r are 
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The decay branching ratios of the heavier chargino yf and neutralino X 34 states into the 
lighter ones xf ^ind X 12 gauge or Higgs bosons are shown in Fig. 2.41 for tan/3 = 10 
and Ma = 180 GeV in two scenarios. In the left-hand (right-hand) panel, /tq {M 2 ) is fixed 
at a small value, 150 GeV, which means that the lighter inos are higgsino (gaugino) like, 
and the other parameter M 2 {fi) is varied with the mass of the decaying ino. The sleptons 
and squarks are assumed to be too heavy to play a role here. 

Since the Higgs bosons couple preferentially to mixtures of gauginos and higgsinos, the 
Higgs couplings to mixed heavy and light chargino/neutralino states are maximal in the 
two regions, while the couplings involving only heavy or light ino states are suppressed by 
powers of M 2 Ijj. for |/i| 3> M 2 or powers of \^\/M 2 for |/i| <C M 2 . To the contrary, the gauge 
boson couplings to inos are important only for higgsino- or gaugino-like states. Thus, in 
principle, the (higgsino or gaugino-like) heavier inos X 2 X 34 will dominantly decay, if 
phase space allowed, into Higgs bosons and the lighter y states. However, in the asymptotic 
limit where the heavier ino masses are very large, m^. ^ m^., Mjj^, My, the decay widths 
into Higgs bosons grow as while the decay widths into gauge bosons grow as m^.. This 
is due to the longitudinal component of the gauge boson propagators which introduce extra 
powers of the Xi four-momentum in the decay amplitudes. The suppression of the {g^l^-v)'^ 
squared coupling by powers of (/i/M 2 )^ or {M 2 / depending on whether we are in the 
gaugino or higgsino region, will be compensated by the power m^/M| from the amplitude 
squared. Therefore, the branching ratios for the decays of heavy y particles into lighter ones 
and Higgs or gauge bosons will have the same order of magnitude. Of course, as usual, the 
charged current decay modes will be more important than the neutral modes. 

This is exemplihed in Fig. 2.41. In both the higgsino and gaugino regions, the decays of 
X 2 and y 3 4 into lighter charginos and neutralinos and Higgs bosons are not the dominant 
ones. Still, decays into Higgs bosons, in particular to the lighter h and charged bosons, 
will have substantial branching fractions, of the order of 20 to 30% in this scenario. Note 
that in mSUGRA type models and as discussed in §2.2.3, we are very often in the gaugino 
region for the lighter y states, |/i| ~ Ma 3> M 2 and the A,H,H^ bosons are quite heavy. 
In this case, the charginos and neutralinos decay only into the lighter h boson and W/Z 
bosons, if the sfermion channels y —> // are also kinematically closed. In this scenario, the 
partial decay widths of the heavier charginos and neutralinos are given Table 2.2 where we 
ignore, again, the phase-space suppression and assume the decoupling limit for simplicity. 
In these limits, the partial widths for the decays of the lighter states X 2 xt into the LSP 
neutralino and Higgs or gauge bosons [again in units of G^M^|/i|/(8A/27r)] are simply 

r(y^^y?hF+) ~ F(y°^y?h)^sin2 2/3 

F(y°^y?Z) ~ cos^2P[{M2-M,)/2fif (2.77) 
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Figure 2.41: Branching ratios of heavier chargino and neutralino decays into the lighter ones 
and gauge/Higgs bosons as functions of their masses for tan/? = 10 and Ma = 180 GeV. 
In the left (right) panel, /i (M 2 ) is fixed while M 2 (/i) varies with the heavy ino mass; 
represents the lighter x? and X 2 neutralinos for which the rates are added; from [278]. 
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Table 2.2: The partial widths of neutralino/chargino decays into the lighter Higgs boson and 
into massive gauge bosons in units of G/{8\/2Tr) in the limit Ma ~ |/i| 3> M 2 . 

Before closing this discussion, let us make a few brief remarks: i) in the case where the 
inos are mixed states, that is \fi\ ~ M 2 , the mass difference between the heavy and light inos 
will be rather small and the decays into Higgs bosons will be phase-space suppressed, (ii) 
As already seen in the reverse processes > XiXj^ the branching ratios do not depend in 
a very strong way on the value of tan /?. (Hi) Decays of the inos into sleptons, which can 
be lighter than squarks, are relevant only if the former particles are gaugino-like since the 
higgsino couplings to £-£ states, oc mi, are rather tiny unless tan/3 S> 1 in which case the 
decays into f’s could play a role, {iv) Finally, there is also the possibility of decays of the 
lighter X 2 xt into the LSP and a Higgs boson, eq. ()2.71|1 . These “small cascades” are 
possible only if these states are gaugino like or gaugino-higgsino mixtures; only for small 
Higgs masses [which is the case of the h boson] are these decays important. 


2.3.3 Direct decays of sfermions into Higgs bosons 


If the mass splitting between two squarks of the same generation is large enough, as is 
generally the case of the {i,b) isodoublet, the heavier squark can decay into the lighter one 
plus a neutral or charged Higgs bosons Hk = h, H, A, for k = 1,",4 [279,280]. The 
partial decay widths are given at tree-level by [see Ref. [278] for instance] 


r(g, 




(2.78) 


with the phase space function and the Higgs couplings to squarks given previously. These 
decays have to compete with the corresponding channels where V = W, Z gauge bosons are 
produced instead of Higgs bosons. In this case, the partial decay widths are given by 
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where the off-diagonal couplings of squarks to the W and Z bosons including mixing are 
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The usually dominant decay modes of the top and bottom squarks are decays into quarks 
and charginos or neutralinos. In both cases, the partial decay widths can be written as 


r(gi ^ = 
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.p: 2 


(<• + bjj )(1 - /ig - /i^o) - (2.81) 


The couplings among neutralinos, quarks and squarks are 
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while for the couplings among charginos, fermions and sfermions, Qi — q' — has for 

up-type sfermions: 
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and the couplings for down-type fermions can be obtained from the above by performing 
the changes u ^ d and V ^ U where U, V are the diagonalizing matrices for the charginos. 

When allowed by phase space, the dominant decay modes of these particles are in fact 
decays into their partner quarks and gluinos with partial widths 


2 a,A 2 (p 2 ^/i?) 

r(gi ^ qg) = - —- 


rriq^ 


1 - pj - p? - AaUjgfiqfig 


with the same notation as previously and the squark-quark-gluino coupling 

«15 = = sin Oq , alg = -bf-g = cos Oq 


(2.85) 


( 2 . 86 ) 


Note that QCD corrections to all these decay modes have been calculated and can be found in 
Refs. [257,281,282] for, respectively, the decays into Higgs/gauge boson, chargino/neutralino 
and gluino states. Except possibly when gluinos are involved, the bulk of the radiative 
corrections can also be mapped into running parameters. 

In Fig. 2.42, we display for illustration the branching ratios for the decays of a bottom 
squark into the lightest top squark and a charged Higgs boson, bi —> iiH~ or b^ —> i\H^, as 
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a function of the parameter p with three values of the wino mass parameter M 2 . We have 
hxed tan/3 = 10 and the sbottom and stop masses to the values indicated in the caption, 
while the charged Higgs mass is chosen to be Mu± = 200 (300) GeV in the left (right) panel. 
The other competing neutralino/chargino decays of the sbottom, b bx^ and tx~, are open 
while the b ^ bg decay is open only for M 2 = 200 GeV [the universality of the gaugino 
masses is assumed so that trig ~ 3M2] and dominates in this case. 




Figure 2.42: The branching ratios for bottom sguarks decaying into top sguarks and charged 
Higgs bosons as a function of p. for tan ft = 10 and M 2 = 200, 300 and 4 OO GeV. The charged 
Higgs mass is taken to be Mh± = 200 and 300 GeV in the left and right panels, respectively. 
The two sguark masses are taken to he = 830 GeV and mp = 430 GeV [278]. 

As can be seen, for M 2 > 300 GeV, BR( 6 i —> tiH~) can be substantial for large p values, 
p > 700 GeV, possibly exceeding the level of 50%. The reason for this feature, besides the 
fact that for p > 800 GeV the 61 decays into the heavier chargino and neutralinos are kine¬ 
matically closed, is that the sbottom-stop-i7^ coupling is strongly enhanced and becomes 
larger than the sbottom-bottom-gaugino coupling which controls the sbottom decays into 
the lighter chargino and neutralinos. For smaller values of M 2 , as pointed out earlier, the 
decay bi —>■ bg becomes accessible and would be the dominant decay channel. 

The decays of the heavier top squark into the lighter one and neutral Higgs bosons, 
t 2 ^ ti + h/H/A can also be substantial in some areas of the MSSM parameter space. In 
Fig. 2.43, the contour lines for the sum of the branching ratios for the decay modes into Higgs 
and gauge bosons are shown for tan/3 = 3, Ma = 150 GeV and the set of SUSY-breaking 
parameters specihed in the caption. We see that these ^2 and 62 decays are dominant in 
large regions of the MSSM parameter space. In particular, the decays into Higgs bosons can 
reach the 70% level for large \p\ and/or |A| values. Note, here, the dependence on the signs 
of A and p. Similar results can be obtained for larger values of tan (3 [280]. 
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/i [GeV] /i [GeV] 



Figure 2-43: Branching ratios (in %) oft 2 and 62 decays in the fi-A plane for At = Ai, = A, 
mi^ = 500 GeV, mi^ = 444 GeV, mi^ = 556 GeV, M 2 = 300 GeV, Ma = 150 GeV 
and tan (3 = 3. Top-left: ^ BR[ ^2 —^ G + h, H, A, bi ^2 + H^]; top-right: ^ BR[ (2 ^ ii + 
Z, hi ^2 + V/^]; bottom-left: BR[fe 2 —> ii + H~ ]; bottom-right: BR[fe 2 —*■ ii + W~ ]. In the dark 
grey areas the decays are kinematically not allowed; the light grey areas are excluded by the 
experimental constraints on the chargino, neutralino, Higgs boson and stop/sbottom masses 
as well as by the constraint on the p parameter p < 10“^ and the GGB constraint on 

the trilinear couplings, At^ < 3(m?^ + m? - + from Ref. [280]. 

In mSUGRA-type models, where one is very often in the decoupling limit with a large 
value of \p\, the only sfermion decay into Higgs a boson which in general possible is t 2 —>■ tih. 
When stop mixing is large, the partial width is proportional to the square of sin 26'tmWt with 
sin 26t ~ 1 [maximal sfermion mixing], where there is an enhancement at large p values and 
low tan/3 since Xt = At — p/ tan/3. This decay has to compete with the channel ^2 tiZ 
which has a partial width that is also proportional to sin26*t, as well as with the decays 
G —^ Xi 2 ^ t 2 ^ Xib which are in general the dominant ones. 
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2.3.4 Three body decays of gluinos into Higgs bosons 

Finally, there are direct decays of gluinos into top squarks, bottom quarks and charged Higgs 
bosons [278] which are mediated by virtual top quark or bottom squark exchanges as shown 
in Fig. 2.44. The same type of processes is possible for neutral Higgs production. 


'U 




V 


'H- 


Figure 2.44- The Feynman diagrams contributing to the three-body decay g —> tibH 


The Dalitz density for this decay mode, taking into account all the masses of the hnal 
state particles except for the bottom quark, is given by [278] 
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In terms of Xi = 2Eh±/ mg, X 2 = 2Eb/mg and the reduced masses fix = fnx/'^% ^^e squared 
t, b contributions and the tb interference amplitude are given by 
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where we have used, in addition, the abbreviation xo = I — X 1 —X 2 — /i,q — fiH+ ■ The Yukawa 
couplings of top and bottom quarks are given in this case by yt = mt/{V^swMwSg) and 
yb = mb/{\/2swM\YCg) and the squark-quark-gluino coupling have been given in eq. (EIHSl)- 
To obtain the partial decay width, one has to integrate over xi and X 2 with the usual three- 
particle phase space boundary conditions [see for instance §1.2.1]. 

The branching fraction for the three-body decay, BR(^ —> tihH~ + t\hH^), is illustrated 
in Fig. 2.45 as a function of jj, for tan/3 = 10. We have chosen squark masses of m^ = mi. = 1 
TeV, a gluino mass that is slightly lower, mg = 900 GeV, and the lighter stop mass to be 
= 430 GeV; for the charged Higgs boson mass we take three values: Mh± = 190, 230 and 
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310 GeV. In this scenario, all squarks [including bottom squarks] will decay into gluinos and 
almost massless quarks and the former will dominantly decay into the lighter top squarks and 
top quarks. The three-body decays g —>■ iibH~ and g —>■ t\hH^ have therefore to compete 
with a strong interaction two-body decay, which has a large phase space in this case. This 
is the reason why the branching ratio hardly exceeds the one percent level, which occurs for 
large /i values when the thH^ couplings are enhanced. 

Note that the smallness of the branching ratio is also due to the smallness of the thH^ 
coupling for the chosen value of tan/3; for larger or smaller values of tan/3, the branching 
ratio might be signihcantly larger. Note also that in spite of the small branching ratio, the 
number of hnal states due to this process can be rather large at the LHC in the chosen 
kinematical conhguration, since the cross section for gluino production can be quite large, 
in particular, in scenarios where all squarks except for ti are heavier than gluinos and decay 
mostly into q ^ qg hnal states. 



g (GeV) 

Figure 2.45: The branching ratios for direct decays of gluinos into b-quarks, top squarks and 
charged Higgs bosons as a function of qi for tan/3 = 10 and Mh± = 190, 230 and 310 GeV. 
The squark masses are uig = 1 TeV and = 430 GeV while mg = 900 GeV [278]. 

In the case of neutral Higgs bosons, the decays g —>• iith can be quite frequent if phase 
space allowed, in particular in the decoupling limit where the htt coupling is strong and for 
large stop mixing where the htHi coupling is enhanced. The decays g —> bibH and g —> bibA 
can be also important at high values of tan/3 where the H/A couplings are enhanced. These 
decays are under study [283]. 
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2.4 Cosmological impact of the MSSM Higgs sector 

2.4.1 Neutralino Dark Matter 

As deduced from the WMAP satellite measurement of the temperature anisotropies in the 
Cosmic Microwave Background, in combination with data on the Hubble expansion and the 
density fluctuations in the universe, cold Dark Matter (DM) makes up ~ 25% of the energy 
of the universe [12], The DM cosmological relic density is precisely measured to be 

= 0.113 ±0.009 (2.89) 

which leads to 0.087 < Ddm < 0.138 at the 99% conhdence level. In these equations, 
D = p/Pci where p^ — 2 ■ 10“^®h^g/cm^ is the “critical” mass density that yields a flat 
universe, as favored by inflationary cosmology and as verihed by the WMAP satellite itself; 
p < Pc and p > Pc correspond, respectively, to an open and closed universe, i.e. a metric 
with negative or positive curvature. The dimensionless parameter h is the scaled Hubble 
constant describing the expansion of the universe. 

In the MSSM with i?-parity conservation, there is an ideal candidate for the weakly inter¬ 
acting massive particle (WIMP) which is expected to form this cold Dark Matter [24,25]^^: 
the lightest neutralino Xi which is absolutely stable, electrically neutral and massive. Fur¬ 
thermore, it has only weak interactions and, for a wide range of the MSSM parameter 
space, its annihilation rate into SM particles fulhlls the requirement that the resulting cos¬ 
mological relic density is within the range measured by WMAP. This is particularly the 
case in the widely studied mSUGRA scenario [286-288] and in some of its non-universal 
variants [289,290]. 

In this section, we discuss the contribution of the LSP neutralino to the overall matter 
density of the universe and highlight the role of the MSSM Higgs sector which is prominent 
in this context^"^. We will follow the standard treatment [11], with the modihcations outlined 
in Ref. [292] [we will closely follow Ref. [287] to which we refer for details and references]. 
The treatment is based on the assumption [besides that the LSP should be effectively stable, 
i.e. its lifetime should be long compared to the age of the Universe, which holds in the MSSM 
with conserved i?-parity that is discussed here] that the temperature of the Universe after 
the last period of entropy production must exceed ~ 10% of m^o. This assumption is quite 

^^One should mention that there are viable SUSY DM candidates other than the lightest neutralino, 
examples are the gravitino which is present in all SUSY models and the axino. These two possibilities 
will not be discussed here; see for instance Ref. [284,285] for reviews. In addition, the possibility that the 
sneutrinos form the DM is excluded as their interactions are too strong and these particles should have been 
already detected in direct WIMP searches [25]. 

^"‘Another cosmological aspect in which the MSSM Higgs sector plays an important role is electroweak 
baryogenesis [291]. However, for this to be achieved, a fair amount of CP-violation in the MSSM is needed, 
and this topic is thus beyond the boundaries that have been set for this review. 
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natural in the framework of inflationary models, given that analyses of structure formation 
determine the scale of inflation to be ~ 10^^ GeV in simple models [11]. 

In the early universe, all particles were abundantly produced and were in thermal equi¬ 
librium through annihilation and production processes. The time evolution of the number 
density of the particles is governed by the Boltzmann equation 

dn^o „ „ 

SHn^o = -{v cra„n)(nJo - (2.90) 

where v is the relative LSP velocity in their center-of~mass frame, ciann is the LSP annihi¬ 
lation cross section into SM particles and (...) denotes thermal averaging; n^o is the actual 
number density, while is the thermal equilibrium number density. The Hubble term 
takes care of the decrease in number density due to the expansion, while the hrst and second 
terms on the right-hand side represent, respectively, the decrease due to annihilation and 
the increase through creation by the inverse reactions. If the assumptions mentioned above 
hold, Xi decouples from the thermal bath of SM particles at an inverse scaled temperature 
xf = m^o/TF which is given by [ 11 ] 

xf = 0.38Mp(va „„u )c(c + 2)m^o {g»:XF)~^^^ (2-91) 


where Mp = 2.4-10^® GeV is the (reduced) Planck mass, the number of relativistic degrees 
of freedom which is typically ( 7 * ~ 80 at Tp, and c a numerical constant which is taken to be 
one typically hnds xf — 20 to 25. Today’s LSP density in units of the critical density is 
then given by [ 11 ] 




2.13 ■ lOVGeV 

^MpJ(xp) 


with J{xf) 





(2.92) 


Eqs. duu-jm provide an approximate solution of the Boltzmann equation which has 
been shown to describe the exact numerical solution very accurately for all known scenarios 
[after some extensions which will be discussed shortly]. 

Since Xi decouples at a temperature Tf ^ in most cases it is sufficient to use an 
expansion of the LSP annihilation rate in powers of the relative velocity between the LSPs 


V (T ann = V (^{xiXi SM particles) = a + bv"^ + 0{v'^) (2.93) 


The entire dependence on the parameters of the model is then contained in the coefficients 
a and b, which essentially describe the LSP annihilation cross section from an initial S- and 
P-wave, since the expansion of the annihilation cross section of eq. is only up to 0 {v‘^). 

S-wave contributions start at 0{1) and contain 0(v^) terms that contribute to eq. (I2.93|l 
via interference with the 0{1) terms. In contrast, P-wave matrix elements start at 0(v), so 
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that only the leading term in the expansion is needed. There is no interference between S- 
and P-wave contributions and hence no 0(v) terms. Note that Fermi statistics forces the 
S-wave state of two identical Majorana fermions to have CP= —1, while the P-wave has 
CP= +1; the same argument implies that the S-wave has to have total angular momentum 
J = 0. The calculation of the thermal average over the annihilation cross section, and of 
the annihilation integral eq. (EH, is then trivial, allowing an almost completely analytical 
calculation of [eq. (I2.91|l still has to be solved iteratively]. Expressions for the a and b 
terms for all possible two-body hnal states are collected in Ref. [293]. In these expressions, 
one should use running quark masses at the scale Q ~ in order to absorb leading QCD 
corrections and implement the other potentially large radiative corrections. 

In generic scenarios the expansion eq. reproduces exact results to ~ 10% accuracy 

[294], which is in general quite sufficient. However, it has been known for some time [292] 
that this expansion fails in some exceptional cases, all of which can be realized in some part 
of the MSSM parameter space, and even in constrained models such as mSUGRA: 

i) The expansion breaks down near the threshold for the production of heavy particles, 
where the cross section depends very sensitively on the c.m. energy ^/s. In particular, 
due to the non-vanishing kinetic energy of the neutralinos, annihilation into hnal states 
with mass exceeding twice the LSP mass (“sub-threshold annihilation”) is possible. 
This is particularly important in the case of neutralino annihilation into W^W~ and 
hh pairs, for relatively light higgsino-like and mixed LSPs, respectively. 

ii) The expansion eq. also fails near s—channel poles, where the cross section again 

varies rapidly with ^/s. In the MSSM, this happens if twice the LSP mass is near Mz, 
or near the mass of one of the neutral Higgs bosons [293,295]. In models with universal 
gaugino masses, the Z- pole region is now excluded by chargino searches at LEP2 and 
we are left only with the Higgs pole regions which are important as will be seen later. 

Hi) If the mass splitting between the LSP and the next-to-Iightest superparticle NLSP is 
less than a few times Tp, co-annihilation processes involving one LSP and one NLSP, or 
two NLSPs, can be important. As will be discussed later, co-annihilation is important 
in three cases: higgsino- or SU(2) gaugino-like LSPs [293,296] and when the LSP is 
degenerate in mass with fi [297] or with the lightest top squark [298,299]. 

2.4.2 Neutralino annihilation and the relic density 

In the following, we will discuss the annihilation cross section of two LSP neutralinos into 
a pair of ordinary SM particles: fermions, gauge and Higgs bosons. Since our aim here is 
simply to highlight the impact of the MSSM Higgs sector in this particular context, we will 
make a rather qualitative discussion of the various annihilation rates, following Ref. [293] 
and assuming in most cases the LSP to be nearly either a bino or a higgsino, and give only 
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symbolic expressions for the matrix elements which allow to estimate the magnitude of the 
various contributing channels. The co-annihilation processes will also be discussed and a few 
numerical examples, borrowed from Refs. [288,290,298,300], will be given for illustration. 


Annihilation into fermions 

The annihilation of neutralinos into a fermion pair proceeds through t/w-channel sfermion 
exchange and s-channel Z or Higgs boson exchange; Fig. 2.46. Since both the Zjj and 
//-gaugino couplings conserve chirality, the sfermion and Z exchange contributions to the 
S-wave matrix element ]V[g are proportional to the mass of the hnal fermion m/; the con¬ 
tributions due to Higgs boson exchange, the ones from the //-higgsino Yukawa interactions 
and from sfermion mixing violate chirality, but have an explicit factor of mj. The coefficient 
a in the expansion eq. of the annihilation cross section is therefore always proportional 

to mj. In addition, because the CP quantum number of the exchanged Higgs particles must 
match that of the initial state, only A boson exchange contributes to Ms while h and H 
exchange contribute to Mp. Since Mp only contributes to the coefficient h in eq. (EH, 
which is suppressed by a factor 3/xi? ~ 0.1-0.2, pseudoscalar A exchange is in general much 
more important than the contribution from the CP-even Higgs bosons. 




Figure 2.46: Feynman diagrams for LSP neutralino annihilation into a fermion pair. 


For a bino-like LSP, that is when |/i| ^ M 2 [hereafter, we assume the universality of the 
gaugino masses, which leads to the relation Mi = 9w M 2 — \M 2 at the weak scale], 

the matrix elements for the reaction XiXi //, where the summation over all fermion hnal 
states that are kinematically allowed is implicitly assumed, has the form 


MsixX ^//)|b « afmf 


cirtix y2 C2M| mx , _C3__ 


(2.94) 


Mp{xx ^//)|b ot hlv 


dirn^ y2 . ^ 2^1 ^2 m\ 

m'i+ml ^f W 4ml-M'i+iMzrz ^*=1 Mi+ii Aml-M'j, 

J X. ^ X. ^ X jaj ^ I 


where Cj, d* are numerical constants of 0 {1) and contain the // couplings of the 

Hi = H,h bosons which can be enhanced/suppressed by powers of tan/3; gi is the U(l)y 
gauge coupling. From this equation, one sees that the s-channel diagrams are all suppressed 
by small couplings. As discussed earlier, the Higgs bosons couple to mixtures of higgsinos 
and gauginos and the couplings are thus suppressed only by one power of the small higgsino 
component. The Z boson couples to neutralinos only via their higgsino components and for 
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a bino-like LSP, this coupling is doubly suppressed. The sfermion exchange contribution in 
this case is small only if For LSP masses close to ^Mz [which is ruled out in 

mSUGRA type models, eq. (IT311) ] or the matrix elements become very large. 

In turn, for a higgsino-like LSP, \fi\ M 2 , the matrix elements have the form 


Msixx ^ (dl + 9 l)mf 


1 At+M2 


£iyv \2 
Mz 




I 2 2 ‘''^'X. I '”'3 X 

a^+rn| ^iM2 MJ Mi+/x iva^—M'-^+iM j\Ta 


Mp{xx ^//)|h « {gl + gl)v 


(d[Mz , 

I At+M 2 ■*“ 


Mz 




X _ 

fj,M 2 irri^—M'i+iMzTz 






i=l Mi+fi 4m2 — 


(2.95) 


We see that the sfermion exchange contribution is now snppressed by either the small gangino 
component of the LSP or by a power of the Yukawa coupling [for f = t/b this could be an 
enhancement for small/large valnes of tan/3]; one notices also that there are SU(2) gauge 
contributions which can be sizable as they are suppressed only by Mz/{M 2 + p) terms. The 
Higgs boson exchange contribution is at the same order in Mz/{Mi + /i) as in the bino-like 
case. Finally, the Z exchange contribntion is now snppressed only linearly with the mass of 
the heavier nentralinos being oc Mf/(/iM 2 ) contrary to the bino case. 

The direct QCD corrections to the channels XiXi which include virtual corrections 

and the emission of an additional gluon in the hnal state, were calculated in Refs. [301,302] 
and fonnd to be rather important in many regions of the parameter space. Another related 
QCD channel, calculated in the same references, is XiXi 99 which occurs through s- 
channel Z and Higgs exchange with triangle diagrams involving quarks and squarks and box 
diagrams involving these particles. Although suppressed by a power of this channel might 
be comparable or even larger than the annihilation into light quarks and leptons, which are 
helicity suppressed in the non-relativistic limit as seen previously. These channels are in 
fact more important for the indirect detection of the LSP neutralinos to be discussed later. 

In Fig. 2.47, we show the mo-mi /2 parameter space of the mSUGRA model which is 
compatible with the WMAP measurement of the relic density as obtained from the program 
micrOMEGAsl. 3 [303] linked to the RGE code SOFTSUSY [127]. A point with tan (3 = 50, Aq = 
0 and sign(p) = + has been choosen and a scan over the two remaining parameters has been 
performed. The obtained relic density is given by the dashed line, while the green [light 
grey] band is the region where 0.94 < < 0.129, that is, within 2a from the central 

WMAP value; the hatched area is the region that is excluded since there, fi is the LSP. 
The required relic density is obtained from the annihilation rate into fermions and, in fact, 
XiXi bb and r+r“ represent 98% of in this example. 

The region below mi /2 ~ "nro < 500 GeV is the “bino-like LSP” region where both the 
LSP and the fi are light enough for the annihilation XiXi cross section, throngh 
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t-channel fi exchange, to be sizable. For larger values of mi /2 and mg, we enter in the “Higgs 
funnel” region, where is close the pseudoscalar A boson or scalar H boson s-channel 

poles. Indeed, for tan/? S> 1, Ma [and thus also Mh] become smaller in mSUGRA type 
models, and their Yukawa couplings to b quarks and r leptons are strongly enhanced. The 
resulting large XiXi bb, annihilation cross sections reduce the relic density to the 
required level. When the QCD corrections to the bottom Yukawa coupling are properly 
included, these Higgs pole regions open up only for values tan/? > 40-50; the corrections to 
the physical Higgs masses are also of some importance here. The A and H masses are very 
close to each other in this region of parameter space but the dominant contribution is due 
to the A boson exchange, since H boson exchange occurs in the P-wave and is suppressed. 
At zero-velocity, the main contribution can be in fact written as [288] 


/ \— 1 ^1 ^ 
{Va^nn)v=0 « ^- 

^XiXiA 


/ Ma — 2m^o 
ptot 


2 

+ 1 


(2.96) 


Thus, a precise calculation of the mass of the pseudoscalar A boson, its total decay width 
and its couplings to the LSP are required to obtain the proper relic density, which is given by 
the full line in the right-hand side of Fig. 2.47 which shows VL^oh? as a function of Ma [the 
range is obtained by varying mi /2 in the range 250-1100 GeV] in various approximations. 
As can be seen, if for instance the resummation of eq. for the 5-quark mass [which 

enters in the Abb Yukawa coupling and in the determination of Ma] is not performed or if 
the two-loop RGBs for the soft SUSY-breaking Higgs masses are not included, the obtained 
relic density goes outside the WMAP range. The WMAP measurement is in fact so precise, 
that even the two-loop QGD corrections to the top quark mass [which enters at various 
places in the RGBs] and the two-loop RGBs for the gaugino masses are important. 


Annihilation into gauge and Higgs bosons 

The WW and ZZ hnal states can be produced via t-channel chargino and t/u-channel 
neutralino exchange, respectively, and s-channel exchange of the GP-even Higgs bosons; in 
the case of XiXi W~^W~, s-channel Z exchange also contributes [Fig. 2.48]. As already 
seen in the decays of inos [and as can be understood from the equivalence theorem discussed 
in §1.1.1, when the gauge bosons are replaced by Goldstone bosons], the trend is different 
for longitudinal and transverse gauge bosons: in the former case, the amplitude receives an 
enhancement factor ~ m^o/Mv for each Vl state, which gives hnite matrix elements in the 
limit m^o —> oo even if the xyR couplings vanish [in this case, unitarity requires strong 
cancellations between the various contributions to the matrix elements]. Since VlVl and 
VlVt pairs cannot be produced in a J = 0 state with GP = — 1, these hnal states are only 
accessible through the P-wave which has a suppressed contribution. 
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Figure 2.47: The WMAP central value (dashed line) and allowed region (green/light grey) 
in the mo^mi /2 plane for tan/? = 50, Aq = 0 and sign(p) = +; the red/hatched area is ruled 
out by the constraint that the LSP is neutral (left). The effect of different approximations in 
the calculation of various parameters on the relic density (right). From Ref. [288]. 


For a bino-like LSP, the matrix element involves only the P-wave contribution of VRs 


Mp{xx 0 ^ dfv 


diMl I d^^iMz m^My 

M^-\-u? 4mJ— -{-iMn-^ h■ 

J. 2 C ^ 2 I Z 



(2.97) 


which displays the enhancement factor m^^/My and does not vanish for m^o —>■ oo, unless 
one has |Mi| <C |/i|, as mentioned earlier. The coefficient dsp ~ cos{/3 — a) due to the 
heavier H boson exchange is small in general, and the exchange of the lighter h boson with 
<^ 5,2 ~ sin(/9 — a), provides the dominant contribution in the bino limit. 

For a higgsino-like LSP, the form of the matrix elements is 


Msixx -^yy)\H 0^ (^2 +^l)c4 


Mp{xx -^yy)\H 0 ^ (^2 + 9i)v 


^4 + 5]i=l 


2 d',,Mz 


m^My 


M+/i 4 Tn^—T 


X 

mF 


(2.98) 


For the dominant S-wave contribution, there is no propagator suppression of the t/u-channel 
diagrams for annihilation into [transverse] VV final states as the exchanged inos can also be 
higgsinos with approximately the same mass as the LSP. Again, the P-wave matrix element 
exhibits the m^/My enhancement when Higgs bosons are exchanged. 

XiXi 17+Higgs hnal states can be produced via neutralino t/u-channel exchange 
and s-channel exchange of Z and Higgs bosons. Specializing into the Zh hnal state, the 
exchanged particle is the pseudoscalar A boson. In this case, one has for a bino-like LSP 

I 

*^6 + Cy A 

Mp{xx -^Zh) I^ oc (2.99) 


m 2 


Msixx ^Zh)\^ oc t?l Mi+MM 2 +M 2 
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Figure 2-48: Diagrams for LSP neutralino annihilation into Higgs/gauge boson pairs. 


where cq and get contributions from neutralino as well as Z exchange diagrams and cj 
is proportional to the ZhA coupling. In the decoupling limit Ma ^ Mz, AIs is strongly- 
suppressed; the A exchange contribution is further suppressed as gzhA ~ cos(/9 — a) is very 
small. In this limit, only the P-wave amplitude survives but is small for Mi <C \fi\. 

For a higgsino-like LSP, the XiXi Zh amplitudes become 


Msixx -^Zh)\fj oc {g^ + gf)' 
Mp{xX -^Zh)\ 


M2+A1 



M'X+Ml Am^-M'j^+iTAMA 


H 


^ id + 


d'^m^ 


( 2 . 100 ) 


and one can see that in this case the 0{1) term from f-channel and Z exchange diagrams 
survives also in the decoupling limit Ma S> Mz- As in the bino-LSP case, the total amplitude 
is suppressed only if Mi ^ |/i|. 

Finally, for XiXi Higgs-Higgs annihilation, only t/w-channel neutralino (chargino) 
exchange and s-channel CP-even Higgs exchange diagrams contribute for hh, HH, Hh, AA 
hnal states; the hnal states hA and HA also occur through Z boson exchange. In 
the case of hh final states on which we will focus, since two identical scalars cannot be in 
a state with J = 0 and CP = —1, annihilation can only proceed from the P-wave. The 
amplitude has the same general form for bino- and higgsino-like LSP neutralinos 


Mp{xx ^hh) oc glv 


dgm^ I (IqM^ dio^iMz Mzm^ 

M 2 +U Mi=l M 2 +U Aml-M'^A-iMHTHi 


( 2 . 101 ) 


The first term is due to the exchange of the heavier neutralinos, which occurs with full 
strength but is suppressed by small propagators, while the second term is due to neutralino 
mixing. In the case of a bino-like LSP the coefficient dg is suppressed if tan/? 3> 1, unlike 
for higgsino-like LSP where the amplitude has contributions from SU(2) gauge interactions. 
The last term involves the trilinear Higgs interactions and in the decoupling limit, only 
H 2 = h exchange is important if the LSP is not a pure bino or higgsino. 

To illustrate the impact of all these channels, we show in Fig. 2.49, the mo-mi /2 parameter 
space which is compatible with WMAP as in Fig. 2.47, for tan/? = 50, Aq = 0, sign(/i) = + 
and a very large tuq value. Here, we are in the “focus point” [304] region where the neutralinos 
and charginos are mixtures of higgsino and gaugino states, close to the “no EWSB” region 
where no consistent value of /i is obtained from radiative EWSB [colored/dark region in the 
left-hand side of the hgurej. 
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The main channels which contribute to XiXi annihilation and thus to the relic density, 
are shown in the right-hand side of the figure. The most important channel in this scenario is 
XiXi tt annihilation which proceeds mainly through Z boson [or rather, through neutral 
Goldstone boson] exchange which receives a contribution from the large top quark Yukawa 
coupling. Another contribution is due to XiXi bb annihilation which proceeds through the 
exchange of the pseudoscalar A boson which takes advantage of a sizable Abb Yukawa for the 
chosen high value of tan /?; however, the contribution is smaller than in the previous example 
as a result of the propagator suppression by the large value of M 4 that one obtains in this 
particular scenario. Although in the chosen scenario the LSP has a significant Higgsino 
fraction, the annihilation channels into WW and ZZ final states account for only 20% of 
the relic density. The reason is that all channels are P-wave suppressed and the S-wave 
contribution of the t-channel neutralino/chargino exchange for VtVt production, does not 
involve enhanced couplings. The annihilation into Zh and hh final states gives also a rather 
small contribution, a few percent, in this case. 

For values m^o ~ 350 GeV, the next-to-lightest sparticles, the neutralino X 2 
chargino xf have masses that become comparable to that of the LSP and “co-annihilation” 
with these states starts to contribute significantly to the relic density. The “co-annihilation” 
mechanism is discussed in the following. 




(GeV) 


Figure 2-49: The central value (dashed line) and the WMAP allowed region (green/light 
grey) in the mo^mi /2 parameter space for tan (3 = 50, Aq = 0 and sign(p) = +; the yellow 
(grey) area is ruled out he the reguirement of proper EWSB (left). The contribution of the 
various channels to the relic density; “annihilation” stands for all the channels which are 
given individually such as tf,bb,W~^W~,ZZ,Zh and hh, and “co-annihilation” stands for 
X 1 X 2 ; XiXf initiated processes. From Ref. [288]. 
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Co—annihilation processes 


As mentioned in the beginning of this section, XiXi annihilation is not the only process that 
changes the number of superparticles at temperatures around Tp ~ m^/20. If the mass 
splitting between the LSP and the next-to-lightest supersymmetric particle P is small, the 
reactions of the type Xi P ^ ^ P + Y, where X, Y are SM particles, occur much more 
frequently at a temperature T Tp than XiXi annihilation reactions do. The rate of the 
latter kind of process is proportional to two powers of the Boltzmann factor exp(—m^/Tp) ~ 
exp (—20), whereas for mp the rate for the reaction written above is linear in this 

factor. These reactions will therefore maintain relative equilibrium between the LSP states 
and the particles P until long after all superparticles decouple from the SM plasma. The 
total number of superparticles can then not only be changed by XiXi annihilation, but also 
by the “co-annihilation” processes [292] 

Xi + P^X + Y and P + P^*^ ^X + Y (2.102) 

Eventually all particles P and P* will decay into the LSP plus SM particles. To calculate 
the present LSP relic density, one therefore has to solve the Boltzmann equation for the sum 
Up of densities n* of all relevant species of superparticles. One thus has [292] 

= -dHnp - ^{(Tijv) {niUj - = -SHnp - (aesv) (up - ) (2.103) 

id 

where in the second step we made use of the fact that all relevant heavier superparticles 
maintain relative equilibrium to the neutralino LSP until long after the temperature Tp, 
which allows to sum all sparticle annihilation processes into an “effective” cross section [292] 

OC ^xx^(x?X?) + 9xpBp(^{XiP) + 9pp {Bpf (2.104) 

where the gij are multiplicity factors and Bp = {mp/m^opPe jg temperature 

dependent relative Boltzmann factor between the P and Xi densities. The hnal LSP relic 
density is then inversely proportional to {(Tesv) at Tp ~ m^/20. Co-annihilation can 
therefore reduce the LSP relic density by a large factor, if 6m = mp — m^ -C m^ and 
a(x?P) + a(PPW)»a(x?x?). 

If the LSP is higgsino- or wino-like, co-annihilation has to be included with both X 2 
and x^ [296]; one can assume SU(2) invariance to estimate co-annihilation cross sections 
for hnal states with two massive gauge bosons from a{xx VV). As shown in Fig. 2.49, 
in mSUGRA type-models, Higgsino co-annihilation can be important in the “focus point” 
region tuq ^ '^\/2 ^^e impact can be even larger in other cases. Since LEP searches 

imply m^o > My/ for higgsino-like LSP, so that (^{xiXi W^W~) is large, co-annihilation 
in this case can reduces the relic density by a factor < 3. 
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The co-annihilation with fi [297] is important near the upper bound on mi /2 for a fixed 
value of mo, which comes from the requirement that Xi is indeed the LSP, mf^ > m^o; it can 
reduce the relic density by an order of magnitude. This is exemplified in Fig. 2.50, where 
we show the WMAP central value and the allowed range of the relic density in the mo-mi /2 
parameter space of the mSUGRA model for tan/3 = 10, Aq = 0 and sign(/i) = + (left). In 
the right-hand side of the figure, shown are the various channels which contribute to the 
relic density for a given value of mi /2 as a function of the lightest stau mass. As can be seen, 
for mfj > 200 GeV, XiXi annihilation contributes less than 10% of and the bulk of the 
contribution originates from Xi^i Tifi annihilation. The co-annihilation involving the 
other sleptons, i = e,fl, can also be very important when m^- ~ 




m- (GeV) 

t 


Figure 2.50: The central value (solid line) and the allowed WMAP range (green/light grey) 
in the mo-mi /2 parameter space for tan/3 = 10, Aq = 0 and sign(p) = +; the red/hatched 
area is ruled out by the reguirement m^o > m^^ and the vertical hand by the LEP2 constraints 
on the sparticle masses (left). The contribution of the various channels to the relic density 
in % (right). From Ref [288]. 


Finally, co-annihilation with a top squark that is almost degenerate with the LSP neu- 
tralino LSP [298,299] can be important in some scenarios with non universal scalar masses 
and/or large |Ao| values. In fact, this is the best example to highlight the effect of the 
MSSM Higgs sector on the cosmological relic density with co-annihilation processes. We 
will briefly discuss this case below, taking for illustration an mSUGRA type model but 
where the universality of the soft scalar masses for sfermions and Higgs doublets is relaxed 
[which, in practice, means that fi and are assumed to be free parameters]; as discussed 
in previous instances, for large stop mixing, the state ti can be rather light and will have 
strong couplings to the Higgs bosons. 
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Figure 2.51: Contours of constant FLhf = 0.5 (solid), 0.1 (dashed) and 0.025 (dotted) in 
the plane, where 5m = — m^; /i, mo and Ma are taken to he fixed multiples 

of M 2 — 2m^ while tan/3 = 10 is kept fixed and Aq varies between 2.5mo and 3.2mo, with 
larger Aq values corresponding to smaller values of 6m. The left-hand side is for tan /3 = 10 
and Ma = 5 M 2 and the right-hand side for tan/3 = 40 and Ma = O. 35 M 2 ; from [298]. 


In this case, a fairly good approximation of the relic density [298] is to include exactly 
all XiXi annihilation processes, while for stop co-annihilation, one includes only the leading 
S-wave contributions and ignores all reactions that involve more than the minimal required 
number of electroweak gauge couplings; however, one should treat the top and bottom quark 
Yukawa couplings on the same footing as the strong coupling since they can become rather 
large. [Note that due to the exponential dependence of aes on 8m, the bounds on the ii-Xi 
mass splitting that can be inferred from upper or lower bounds on Qh^ should nevertheless be 
fairly accurate.] One should therefore calculate the cross sections for the following processes, 
where H) = h,H,A is one of the three MSSM neutral Higgs bosons: 


Xih 

iiii 

iiil 


tg, tHl hH^ ■ xlil^tg, fH^, bR- 
tt ; ilil tt 

gg, H^H^, H+H', bb, tf 


(2.105) 


In Fig. 2.51, we show contours of constant Qh'^ in the {m.^,5m) plane for —/i = 2 M 2 ~ 
2m.^, which implies that the LSP is bino-like; in the absence of co-annihilation this choice 
is incompatible with the upper bound on the LSP relic density^®. In the left-hand side of 
the figure, a moderate value of tan/3 has been chosen, tan/3 = 10, and the Higgs spectrum 
is assumed to be heavy, Ma = 5 M 2 . This minimizes the number of final states contributing 

the present discussion we use some pre-WMAP requirements for the relic density: 0.1 < Pdm < 0.3 
and the more conservative range 0.025 < Pdm < 0.5 where the lower bound comes from the requirement 
that Xi should at least form galactic Dark Matter, and the upper bound is a very conservative interpretation 
of the lower bound on the age of the Universe. 
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in eqs. ()2.1()5|1 and leads to a small XiXi annihilation cross section. We see that scenarios 
with very large 6m are indeed excluded by the upper bound on [the peak for = 0.5 
at ~ mt is due to the XiXi ti process, while the smaller bumps at ~ 130 GeV 
are due to hh hnal states becoming accessible]. On the other hand, for very small 6m and 
m^ [in the range indicated by naturalness arguments, m^ < 0.3 TeV for which m^ < 2 TeV 
if gaugino mass universality is assumed], the relic density is too small. One needs a ti-y? 
mass splitting of at least 10 to 20 GeV to satisfy the bound > 0.025. 

In the right-hand side of the hgure, we show analogous results but for tan/3 = 40 and 
a light Higgs spectrum, = 0.35M2 ~ 0.7m^, which ensures that all Higgs pair hnal 
states will be accessible for m^ ^100 GeV. We see that for natural values of m^, requiring 
> 0.025 now implies 6m > 20 GeV. Moreover, the LSP makes a good DM candidate, i.e. 

0.1, only for 6m > 40 GeV and for 6m —*■ 0, cosmology now allows an LSP mass up 
to 6 TeV, corresponding to a gluino mass of about 30 TeV. Thus, the upper bound on 
does not necessarilly imply that the LHG must hnd superparticles if the MSSM is correct 
and the LSP is bino-like. 

2.4.3 Higgs effects in neutralino DM detection 

The strength of the expected signal in the two most promising search strategies for neutralino 
Dark Matter is directly proportional to the neutralino-nucleon scattering cross section 
these are the search for high-energy neutrinos originating from the annihilation of neutralinos 
in the center of the Sun or Earth, the so-called “indirect detection” [305], and the search 
of the elastic scattering of ambient neutralinos off a nucleus in a laboratory detector, the 
“direct search” [306]. An accurate calculation of for given model parameters is thus 
essential for the interpretation of the results of these searches. 

The matrix element for scattering, mediated by squark and Z-boson exchange 
[Fig. 2.52a] and Higgs exchange [Fig. 2.52b] diagrams, receives both spin-dependent and 
spin-independent contributions [307-309]. The former are important for neutralino capture 
in the Sun, but are irrelevant for capture in the Earth, and play a subdominant role in most 
direct search experiments, which employ fairly heavy nuclei. The spin-independent contri¬ 
bution in turn is usually dominated by Higgs exchange diagrams, where the Higgs bosons 
couple either directly to light [u, d, s) quarks in the nucleon, or couple to two gluons through 
a loop of heavy (c, b, t) quarks or squarks. Only scalar Higgs couplings to neutralinos con¬ 
tribute in the non-relativistic limit and therefore, in the absence of signihcant GP-violation 
in the Higgs sector, one only has to include contributions of the two neutral GP-even Higgs 
particles. The contribution of the heavier Higgs boson often dominates, since its couplings to 
down-type quarks are enhanced for tan/3 S> 1. In the following, we discuss these two types 
of couplings [the direct and the loop induced ones] and their radiative corrections, relying 
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on some material presented in the preceding sections. 



Figure 2.52: Feynman diagrams for Xi LSP guark scattering. 


The leading contribution to the 'Hgg couplings comes from heavy quark triangle diagrams 
as discussed previously and can be described by the effective Lagrangian 


rQ _ 1 p p/xi/a (~iQ 


(2.106) 


Q=c,b,t 


where F^^a is the gluon held strength tensor with a the color index. At the relevant hadronic 
scale, only the c, b, t quark contributions need to be included and the dimensionless coeffi¬ 
cients CiQ are the result of the loop integrals and are independent of mq since the factor mq 
in the FLQQ coupling is canceled by a factor l/mg from the loop integral; explicit expres¬ 
sions for these coefficients can be found e.g. in Ref. [309]. Cg describes the interactions of the 
heavy quark and has been discussed at length in §1.2.4; in terms of the quark contribution 
to the QCD (5 function and the anomalous quark mass dimension, it reads 


^q ^ Pq{(^s) 

^ 1 + 7q(q^s) 


asimq) 

127r 




TT 


(2.107) 


where ■ ■ ■ stand for the known higher orders discussed in §1.2.4 and which we refrain from 
including here since the other effects to be discussed later will only be at 0(as)- Note 
that because as has to be evaluated at the scale of the heavy quark, the contributions of 
the coefficient is larger for the c quark than for the top quark. The effective Lagrangian 
eq. ()2.106j) gives rise to the FCNN couplings, through hadronic matrix elements [309,310] 


(y.g 

Att 


{N\Fg,,F>^''^\N) = --m^ 

y 



^{N\qq\N) 
mN j 


\ 


(2.108) 


Note that the general result eq. (12.10611 can also be used for squark loop contributions to 
the Higgs-gluon coupling, and one hnds the contribution given in eq. (EH- However, the 
overall contributions of squark loops to the effective Figg couplings at vanishing external 
momenta are always much smaller than the quark loop contributions. 

The other important ingredient of the LSP-nucleon cross section is the CP-even Higgs 
couplings to light quarks. In this context, only the strange quark contribution is important 
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and one has: i) to use the relevant Higgs Yukawa coupling to s-quarks at the given scale 
and thus, one should apply the sophisticated treatments for the running quark masses at 
higher orders discussed in §1.1.1.4, and ii) use the improved Yukawa couplings of down- 
type fermions given in eq. (I1.14()|l to incorporate the corrections coming from gluino-squark 
loops, that are closely related to the SUSY loop corrections discussed in §2.2.1 and which 
can become extremely large at high tan /?, for which the cross section is appreciable. 

Note that the squark-gluino loop corrections to the couplings of down-type type quarks 
also affect the leading 0{rri^‘^) spin-independent contributions from squark exchange, which 
are proportional to m^, either through the interference of gauge and Yukawa contributions to 
the XQQ couplings [when the LSP is a gaugino-higgsino mixture], or through qi — Qr mixing. 
These corrections can again be understood in terms of an effective fqqqxx interaction, where 
the coefficient fq is determined by matching to the full theory at a scale Q ~ rriq [309]. 

The effects of these higher-order corrections are extremely important. This is exemplihed 
in Fig. 2.53 which shows examples for the ratio R of the neutralino scattering rate on ^®Ge 
with and without these corrections as a function of tan (3 [300]. If the small difference between 
the yn and XP scattering amplitudes is neglected, R is simply the ratio of the corrected and 
uncorrected yiV scattering cross sections. 


M 2 = 300 GeV, mQ = 2.5m^ = AQ/2 = 600 GeV 


2 


K 1-5 


1 


0.5 

20 40 60 80 20 40 60 80 

tan/? tan/? 

Figure 2.53: The ratio R of corrected to uncorrected yY rates in an MSSM scenario. The 
upper (lower) curve of a given pattern uses the quark mass with (without) sparticle loop 
corrections when computing the squark L-R mixing angle. From Ref. [300]. 
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We have chosen a scenario with common soft SUSY-breaking scalar masses mo = 600 
GeV and trilinear coupling Aq = 1.2 TeV at the weak scale and Ma = 240 GeV ~ 1.6m^o. 
We assume the usual unihcation conditions for gaugino masses, with M 2 \Mo \Mi = 
300 GeV and \fi\ = M 2 (left) and |/i| = 2 M 2 (right), and show the results for both positive 
(dashed) and negative (solid) fi values. The upper (lower) curves with a given pattern are 
obtained using the corrected MSSM (SM) running quark masses when calculating the squark 
mixing angles 9q. As can be seen, at high tan/?, the correction factor can easily reach values 
of the order of two, and can be much larger in some cases. The QGD corrections, in particular 
the squark-gluino contribution, have thus to be taken into account for a proper prediction 
of both the relic density and the yV scattering cross section. 

Finally, let us make a few remarks on indirect neutralino Dark Matter detection which is 
also very actively pursued; see Ref. [25] for a review. In the LSP neutralino annihilation into 
pairs of SM particles, the stable decay and fragmentation products are neutrinos, photons, 
protons, antiprotons, electrons and positrons. While electrons and protons are undetectable 
in the sea of matter particles in the universe, neutrinos, photons, positrons and anti-protons 
could be detected over the background due to ordinary particle interactions. In the detection 
cross sections, the MSSM Higgs sector thus also plays an important role and the sophisticated 
treatment of the Higgs masses, total decay widths and couplings discussed for the relic density 
should also be applied in this case. 

Since Majorana LSPs cannot annihilate at rest into massless neutrino pairs [unless GP 
is violated in the neutralino sector], the neutrinos which could be detected from LSP an¬ 
nihilation should come from the decay of heavier particles. The best source of neutrinos 
is usually due to LSP annihilation into pairs for m^o < M^/ and for heavier LSPs, 

W^W~^ ZZ and tt hnal states. The sophisticated treatment of the XiXi annihilation cross 
section discussed for the neutralino relic density should therefore be applied in this case too. 
Note that, in equilibrium, the annihilation rate of the LSP is half the rate for their capture 
in celestial bodies, which is given by the LSP-nucleus cross section discussed above. 

In the case of indirect detection of LSPs annihilating in the halo, three channels appear 
to have some potential: positrons, antiprotons and gamma rays. Since positrons are also 
light, they cannot again be produced from direct LSP annihilation at rest and must come 
from decays of heavy particles such as W and Z bosons. Antiprotons originate from LSP 
annihilation into quark pairs, XiXi cc, bb and tt [in particular, at high tan /? values, 
annihilation into bb pairs is the dominant source]; the large QGD corrections to these channels 
must therefore be included. Annihilation into two gluons, XiXi 99i which is mediated by 
triangle diagrams involving the Zgg and more importantly the Higgs-^f^f vertices^® as well 

^®This vertex has to be treated as discussed previously for direct neutralino detection, with the difference 
that, here, the momentum transfer is = 4m^o instead near zero. 
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Figure 2.5^: Neutralino detection potential in the mo^mi /2 parameter space for an mSUGRA 
type model but with non-universal Higgs masses, = 2mHi = mo, Aq = 0,tan/9 = 45 and 
fi > 0. Indirect detection of muon fluxes pointing toward the Sun for neutrino telescopes (left) 
direct detection (right). Also shown are constant relic density lines VL^o = 1, 0.3, 0.1, 0.025, 
as well as the regions excluded by the reguirement of proper EWSB and Xi LSP; the small 
grey areas are excluded by current experimental data. From Ref. [290]. 

as box diagrams, need to be taken into account [301,302]. 

Finally, monochromatic gamma rays can be detected from the annihilation XiXi 77 
[302,311] and Zy [312]. These processes are mediated partly by the loop induced Higgs^y 
vertices, where all charged standard and SUSY particles are exchanged, and which have 
been discussed in detail in the previous sections; box diagrams are also involved. Since the 
annihilation occurs mainly through S-wave, the channel XiXi 7*^ with ^ = h,H, A, is 
forbidden by helicity conservation. 

To summarize, we show in Fig. 2.54, the potential of LSP detection at near future ex¬ 
periments: indirect detection of muon fluxes due to neutrinos coming from the Sun for 
neutrinos telescopes such as Antares and IceCube with two values of the muon flux (left) 
and direct detection in the Edelweiss II and Zeppelin Max (right) experiments. We 
assume an mSUGRA scenario where the soft SUSY-breaking scalar Higgs masses are not 
universal, mH 2 = "piq and m^i = |mo and a large value of tan/3. As can be seen, the 
sensitivity of these experiments in the mo-mi /2 plane is rather high, and it is hoped that 
the lightest neutralino should be detected in the near future if it represents indeed the Dark 
Matter in the universe. If it is the case, the measured detection rate, besides the determined 
value of the cosmological relic density of the neutralino LSP, will provide a very important 
constraint on the MSSM parameter space. 
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3 MSSM Higgs production at hadron colliders 


The most important production mechanisms of the MSSM neutral CP-even Higgs bosons 
[38,39,140,141,231,313-315] are simply those of the SM Higgs particle [237,316-318] which 
have been discussed in detail in §3 of the first part of this review. In the decoupling limit, the 
MSSM Higgs sector effectively reduces to the SM one and all the features discussed earlier 
for a light SM Higgs boson with a mass of ~ 100-150 GeV will hold for the lighter h particle 
[in the anti-decoupling regime, they hold for the heavier H boson]. Outside the decoupling 
regime, however, major quantitative differences compared to the SM case can occur since 
the cross sections will depend on the specific Higgs mass and coupling patterns which can 
be widely different. This is, for instance, the case in the large tan/3 regime when the Higgs 
boson couplings to down-type fermions are strongly enhanced; the bottom quarks will then 
play a much more important role than in the SM case. For the pseudoscalar Higgs boson, the 
two main production processes, the gluon fusion mechanism and the associated production 
with heavy quarks, will follow closely those of either the h or H boson. Thus, most of 
the analytical expressions for the cross sections given in §1.3 will hold for the neutral Higgs 
particles of the MSSM with, however, a few exceptions which will need further material. 

The situation is quite different in the case of the charged Higgs particle: new production 
mechanisms not discussed before [except for charged Higgs production from top decays 
mentioned at the Tevatron in §1.4.2] occur in this case and additional analytical material 
and phenomenological analyses will be needed. Another major difference between the SM 
and MSSM cases is the presence of the additional SUSY particle spectrum. The sparticles, 
if they are relatively light, can substantially contribute to the processes which are mediated 
by loops such as the gluon-gluon mechanism, and to the radiative corrections in some other 
cases. In addition, Higgs bosons could decay into SUSY particles with substantial rates, 
thus, altering in a significant way the search strategies at hadron colliders. Furthermore, the 
MSSM Higgs bosons can be produced in the decays of the SUSY particles. 

All these new issues will be summarized in this section while, for the aspects that are 
similar to the SM case, we will rely on the material presented in §1.3 and refer to it whenever 
appropriate. For the numerical illustrations of the magnitude of the cross sections, we will 
mostly use the Fortran codes of Michael Spira [319-321] for the neutral and of Jean-Loic 
Kneur [323,324] for the charged Higgs bosons. Some of these codes have been adapted to 
deal with new processes or situations discussed here [such as charged Higgs pair production 
for instance]. For the implementation of the radiative corrections in the Higgs sector, we 
will again adopt most of the time the benchmark scenario given in the Appendix. However, 
contrary to the Higgs decays which have been discussed in the previous section and where 
the routine FeynHiggsFast [130] based on the Feynman diagrammatic approach has been 
used, the corrections will be included in the RG improved effective potential approach with 
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the routine SUBH of Ref. [131]. This choice is dictated by the wish to discuss all processes 
within the same approximation to allow for consistent comparisons between them and, in 
most of the numerical codes mentioned above, only this specific routine is incorporated. 

The discussion on the detection of the Higgs particles at the Tevatron and the LHC^^ 
will be mostly based on the summaries given in Refs. [325-338], where the various details 
can be found. Some material, in particular a list of the various backgrounds for the SM- 
like processes and the various tests which can be performed on the properties of the Higgs 
particles, has been already presented in §1.3 and will not be repeated here. 

3.1 The production of the neutral Higgs bosons 

The production of the neutral Higgs bosons of the MSSM proceeds essentially via the same 
processes that have been discussed in the case of the SM Higgs particle. Fig. 3.1, that is: 


associated h and H production with W/Z : 

qq^ 

V + h/H 

(3.1) 

vector boson fusion for h and H production : 

qq 

V*V* qq + h/H 

(3,2) 

gluon — gluon fusion : 

99 

h/H/A 

(3.3) 

associated production with heavy quarks : 

99, qq 

^QQ + h/H/A 

(3,4) 


[The pseudoscalar Higgs boson A cannot be produced in association with gauge bosons or in 
the weak boson fusion processes at the tree-level, since direct A couplings to gauge bosons 
are forbidden in the MSSM by CP-invariance.] However, as already mentioned, because of 
the different couplings of the Higgs particles to fermions and gauge bosons, the pattern for 
the production rates is significantly different from the SM case. We summarize the main 
differences in this subsection, channel by channel. 



Figure 3.1: The dominant MSSM neutral Higgs production mechanisms in hadronic collisions. 
in §1.3, we will use for simplicity, the notation pp for both pp and pp and C for both C and f C. 
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There are also higher-order production mechanisms, as in the case of the SM Higgs 
boson. In particular, the processes for the production of two Higgs particles 

Higgs boson pair production : qq,gg^^i^j (3.5) 

are more numerous as a result of the enlarged Higgs sector. Two of these processes, namely 
hA and HA production, can occur both at the tree level through qq annihilation and at one- 
loop in the gg —>■ hA,HA mechanisms. The other processes, pp —> hh, HH, Hh and AA, 
occur only through the loop induced gg mechanism as in the SM Higgs case. We summarize 
the main features of these processes at the end of this section. 

Other higher order mechanisms, such as gg —> AZ and gg —*■ g^, will also be mentioned 
and most of the remaining ones will be similar to the SM Higgs case and have been discussed 
in §1.3. Finally, a brief discussion of diffractive Higgs production will be given. 

3.1.1 The Higgs—strahlung and vector boson fusion processes 

Since, as already stated, the pseudoscalar A boson has no tree-level couplings to V = W, Z 
bosons, only the CP-even Higgs particles H = h,H can be produced in association with 
vector bosons or in the fusion of weak vector bosons^®. The cross sections are exactly those 
of the SM Higgs boson but folded with the square of the normalized gnvv couplings of the 
H particles [231,313] 

a{qq-^vn) = gnvv^suiqq ^ VH) 

a{qq qqU) = gnw^suiqq ^ qqH) (3.6) 

where the cross sections in the SM case have been given in §1.3.2 and §1.3.3. The various 
distributions are exactly those of the SM Higgs boson and can be found in these sections. 

The electroweak radiative corrections [339], discussed in §1.3.2 for qq —> VH^m, can be 

different in the MSSM except in the (anti-)decoupling limit for the h {H) bosons when the 

SUSY loop contributions are ignored. However, since the main contributions such as ISR and 

light fermion loops are the same, the difference compared to the SM case is expected to be 

rather small. The QCD corrections to these processes are also essentially the same as in the 

SM Higgs case [340-342] and, thus, increase the production cross sections by approximately 

30% and 10% for, respectively, the Higgs-strahlung and the vector boson fusion processes. 

The two main differences in the MSSM case, compared to the SM, are as follows. 

^®Note, however, that AVV couplings can be induced at higher orders and allow, in principle, such 
production processes. For instance, the qq Aqq mechanism can be induced at one-loop but the expected 
rates are far too small even at the LHC. The one-loop induced AZ production process will be discussed 
shortly. Note, also, that an additional source of hZ events will be due to the gg initiated production of the 
A boson which subsequently decays into these hnal states, gg ^ A ^ hZ, as will be seen later. 
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i) There are additional SUSY-QCD corrections originating from the exchange of squarks 
and gluinos in the Vqq vertices of both processes. These corrections have been calculated 
at one-loop in Ref. [343] and, for SUSY particle masses beyond the experimental allowed 
bounds, they have been found to be very small, at most a couple of percent. This is exem- 
plihed in Fig. 3.2 where we display the LO and NLO cross sections for the production of the 
lighter h boson in the decoupling regime in both processes at the Tevatron and the LHC. 
The rates at NLO include the SUSY-QCD corrections; the CTEQ4 [344] PDFs are used. 




Figure 3.2: The LO and NLO cross sections for the production of the lighter MSSM h boson 
in the strahlung and vector boson fusion processes as a function of at the Tevatron (left) 
and the LHC (right). The decoupling limit has been assumed and the SUSY-QCD corrections 
have been included in the NLO rates; from Ref. [34.3]. 


ii) In the strahlung process with a Z boson in the hnal state, qq ZTC, the additional 
contributions from the heavy quark loop induced gg —>■ TLZ subprocesses to the cross sections 
at NNLO [342], will be altered by the different guQQ couplings outside the (anti-)decoupling 
limit for the h (H) bosons. In particular, box diagrams involving bottom quarks can give 
large contributions for tan/3 ^ 1 when the Higgs couplings to bb are enhanced, while the 
contribution of the top quark box diagrams will be suppressed. Additional SUSY particles 
can also be involved in the loops, thus, altering the production rates. Furthermore, at this 
order, the pseudoscalar Higgs boson can be produced in this process, gg AZ, since it 
can be radiated from the internal quark lines. The cross sections have been calculated in 
Refs. [345,346] and are shown in Fig. 3.3 as a function of Ma at the Tevatron and the LHC 
for the values tan (3 = 2,7 and 32. As can be seen, they can be rather large at the LHC 
and, for smaller values of Ma and large values of tan (3, they can exceed the picobarn level 
and, hence, surpass the qq VH^u rate in the SM. In this regime, the cross sections are 
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large even at the Tevatron. In fact, this conclusion holds also true in the case of the H (h) 
boson in the (anti-)decoupling regime when these particles have almost the same couplings 
to 6-quarks as the CP-odd Higgs particle, g-j-ibb ~ tan/3. The squark contributions have 
been also evaluated [346] and, as shown in the hgure for an mSUGRA-type model, they are 
in general tiny except for the small and intermediate values tan/3 < 7 where the standard 
top quark contribution is suppressed while the bottom quark contribution is not yet enough 
enhanced. However, the total production rates are small in this case. Note that the QCD 
corrections have been calculated recently and reduce the LO rate signihcantly [347]. The 
process also receives very important contributions from the bb —>■ AZ subprocess [348]. 

Fig.3-3a Fig.3-3b 




M (GeV) M (GeV) 

A A 

Figure 3.3: The production cross sections for AZ final states [in fh] in the process gg —>■ AZ 
as a function of Ma at the Tevatron (left) and the LHC (right) for several values o/tan/3. 
The solid (dashed) lines are without (with) the contributions of squark loops in an mSUGRA 
scenario with mi /2 = 120 GeV, Aq = 300 GeV and /i > 0 and with the common scalar mass 
depending on the variation of Ma; from Ref. [346]. 

The total production cross sections for the associated TCV production processes and the 
weak vector boson fusion TLqq mechanisms are shown at Tevatron and LHC energies as 
functions of the relevant Higgs masses in Fig. 3.4 and Fig. 3.5, respectively. The two values 
tan (3 = 3 and 30 are chosen for illustration. As mentioned in the beginning of this chapter, 
the radiative corrections to the MSSM Higgs masses and couplings have been included in the 
RG improved effective potential approach using the routine SUBH and the SUSY parameters 
entering these corrections are in the benchmark scenario given in the Appendix. Only the 
NLO QCD corrections have been incorporated and, thus, the gg TLZ contributions have 
been omitted. The renormalization and factorization scales have been chosen as usual [see 
§1.3] and the default MRST NLO set of PDFs [349] has been adopted. 
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Figure 3-4: The production cross sections for the Higgs-strahlung processes, qq ^ V + h/H 
as a function of the respective Higgs masses for tan/3 = 3 and 30 at the Tevatron (left) 
and LHC (right). They are at NLO with the scales set at the invariant masses of the TLV 
systems, ftp = Fr = ^vh o.nd the MRST PDFs have been used. The SUSY parameters are 
in the scenario given in the Appendix. 




Mh [GeV] Mh [GeV Mh [GeV] Mh [GeV 

Figure 3.5: The production cross sections for the vector boson fusion processes, qq ^ qq + 
h/H, as a function of Mh/n /or tan/3 = 3 and 30 at the Tevatron (left) and the LHC (right). 
They are at NLO with pFp = = Q\ at each leg and the MRST PDFs have been used. The 

SUSY parameters are in the scenario given in the Appendix. 
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The cross sections strongly depend on the conplings gnvv of fhe Higgs bosons to vector 
bosons and one notices the following features, some of which have been already encountered 
when discussing these couplings. The cross sections for h production are smaller than in the 
SM case for low values of when the coupling ghvv = sin(/3 — a) is suppressed, and get 
closer to the SM values when the decoupling limit, in which Mh — and sin(/3 —a) ~ 1, 

is approached. The suppression is much more effective for high values of tan j3. In fact, as can 
be seen, there is a steep increase of the cross sections for h production with increasing Higgs 
mass for tan/3 = 30 while, in the case of tan/3 = 3, the hVV couplings is already almost 
SM-like for the values ^ 90 GeV shown in the figures. Above this mass value, the small 
increase of the ghvv coupling with increasing [and, hence, Ma], barely counterbalances 
the decrease of the rate with the smaller phase space. 

In turn, in the case of H production, the cross sections are maximal for low Ma values 
when the H boson is almost SM-like and decrease with increasing Ma when the coupling 
gHvv = cos(/3 — a) tends to zero. Eventually, in the decoupling limit the processes are 
switched off, cos(/3 — a) ~ 0. On also notices that the plots for h and H production joint 
for tan /3 ^ 1 where ~ while the gap for low tan /3 values is large. Nevertheless, 

one can conclude that the processes for h and H production are truly complementary and 
that the sum of their cross sections is simply the one for the production of a SM Higgs boson 
with Musy, j^max valuc of Ma and tan /3, modulo the phase space effects at small 

tan/3. This is true also in the intense-coupling regime where gf^yy — g^yy — \- 

3.1.2 The gluon—gluon fusion mechanism 
The cross sections at the tree level 

In the MSSM, the three neutral Higgs bosons can be produced in gg fusion, gg ^ ^ with 
^ = h,H and A, via loops involving mainly the heavy top and bottom quarks. In the 
Born approximation [which, here, corresponds to the one-loop level] and in the absence of 
squark loop contributions, the analytical expressions of the cross sections have been given 
in §1.3.4 for the SM Higgs boson. The cross section in the CP-odd case is the same as for 
the CP-even Higgs particles, except from the different form factor of the Agg amplitude. 
The major difference compared to the SM Higgs case is the relative weight of the top and 
bottom contributions which have to be folded with the normalized couplings to the MSSM 
Higgs bosons, and g,^bb, as discussed when we analyzed the gluonic Higgs decay modes 
in §2.1.3. In fact, at leading order, the gg ^ ^ production cross sections are directly related 
to the gluonic decay widths of the Higgs particles P(<l> —> gg) 

aLo{gg^^) = (ToMl6{s-Ml) 

= ^T^oi^^gg)6{s-Ml) (3.7) 
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sections at the parton level given by 
2 

( 3 - 8 ) 

Q 

where the form factors, for Ti = h,H and Ay^{TQ) for the A boson, in terms of 

tq = M'^/AmQ have been given earlier and are normalized in such a way that for mq S> M$, 
they reach the values | and 2 in the CP-even and CP-odd Higgs cases, respectively, while 
they both approach zero in the chiral limit mq —> 0. 

This difference compared to the SM Higgs case can potentially induce huge quantitative 
changes. Because for tan /3 > 1 the Higgs couplings to top quarks are in general suppressed 
while those to bottom quarks are enhanced, the 6-quark will play a much more important 
role. For small to intermediate tan f3 values, the suppression of the coupling is already 
effective and the 66$ coupling is not yet strongly enhanced, resulting in production cross 
sections that are smaller than in the SM case. For high enough values, tan/3 > 10, the 
6 -loop contributions [which are also boosted by large logarithms log(m^/M|), see §2.1.3] are 
strongly enhanced, resulting into cross sections which can exceed by far the SM Higgs ones. 
The latter are recovered only in the (anti-)decoupling limit for {H) h production. 

At least two other major differences occur in the SUSY case, compared to what has 
been discussed for the standard Higgs boson. First, there are additional contributions to 
the ^gg couplings from squark loops as already seen in the gluonic Higgs decay case, §2.1.3 
where their analytical expressions have been given. These contributions can be particularly 
important in scenarios where large mixing effects occur in the stop and sbottom sectors: in 
this case, the lightest ii and/or hi states can be rather light and their couplings to the Higgs 
bosons strongly enhanced. The discussion of the impact of these additional loops on the 
production of the lighter h boson will be postponed to §3.4. The second major difference 
compared to the SM Higgs case is related to the QCD corrections: as the 6-loop contribution 
is generally dominant in the MSSM, the trend will be different from the SM Higgs case. In 
addition, the corrections to the top quark loop contribution will not be the same for the 
CP-even and CP-odd Higgs cases and the latter has not been discussed yet. 

QCD corrections at NLO 

When including the NLO QCD corrections to the gluon-gluon fusion processes, gg $, 
besides the virtual corrections where gluons are exchanged between the internal quark and 
the external gluon lines, the bremsstrahlung of additional gluons, the inelastic quark-gluon 
process and quark-antiquark annihilation, 

99 ^{9) , 99^ ^9 ^ ^9 (3.9) 


with s the partonic c.m. energy and the cross 

° 288y27r 
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contribute to the production. The diagrams relevant to the various subprocesses are the 
same as for the SM Higgs boson which has been discussed in detail in §1.3.4; some generic 
ones are reproduced in Fig. 3.6. 



Figure 3.6: Typical diagrams contributing to the NLO QCD corrections to gg 
The partonic cross sections may thus be written, in terms of f = M^/s, as 




^ij ~ *^0 i 


rv 1 rv 

1 + C^{tq)^ 5(l-f) + A,(f,rQ)^0 (l-f) 
TT J 71 


(3.10) 


for i,j = g,q,q. The hnal result for the pp or pp cross sections, after folding with the MS 
gluon and quark luminosities, can be cast into the compact form 


a{pp ^ + X) = 


1 + a 


cr c 


TT 


r$- 


dCsB 

dra, 


^ gg ^ gg 


+ 


(3,11) 


where = M^/s with s the hadronic total c.m. energy and where the partonic cross 
sections have been given previously. The coefficient C# denotes the contribution of the 
virtual two-loop corrections, in which the infrared singular part is regularized and reads 


C^irg) 


2 I $ 

TT + C 


(t-q) + 


33-2N 


6 


log 


Ml 


(3.12) 


The regular contributions of the real corrections due to gg, gq scattering and qq annihilation, 
which depend on both the renormalization scale fiji and the factorization scale fip of the 
parton densities, are given by 


= 


dC,^^ cXs^Fr) J _ . Tf I ^<i> 


dr- 


'Tg, 


dr 71 


^0 1 -^Pggi.^) log — + t-q) 


TS 


+ 12 


/ log(l - z) 

V 1-^ 


= 
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»1 


dC^'^asiqtR) 


dr TT 
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— log — + log(l - Z 
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(3.13) 


with ^ 


t<^/t and the standard Altarelli-Parisi splitting functions have been given in §1.3. 
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As a result of the factorization theorem, the parity and the specific couplings of the 
^ = 1-11A bosons are not relevant for the infrared/collinear form of the cross sections related 
to interactions at large distances. The specific properties of the Higgs bosons affect only the 
non-singular coefficient in the expression above and also the coefficients df^ which appear 
in the parton cross sections for the real corrections. These coefficients have been calculated 
in Refs. [222,350] for arbitrary quark masses in both the CP-even and CP-odd Higgs cases. 

In the limit of large quark-loop masses compared with the Higgs boson mass, only the 
coefficients depend on the parity of the Higgs particle [222,241,351] 

Tq = Ml/ArriQ —> 0 : ^ while > 6 (3.14) 


The coefficients dfj are universal in this limit [the next-to-leading-order term in the mass 
expansion in the scalar and pseudoscalar cases has also been calculated analytically [352]] 


^ “Y^ -1 + 2^ - ^ p(l - zf (3.15) 

In the opposite limit of small quark-loop masses, tq S> 1, chiral symmetry is restored 
for the leading and subleading logarithmic contributions to the and coefficients which 
are given by 


c'^(^q) ^ Y - *e) - ^ \og{-ATQ - ie) 
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log(4rQ) 

log'T 
1 — f 


7 — 7f + 57^ 


— 6 log(l — f) 


1 — f + 


3 - 6r - 2r^ + 5f- 6r^ 


d'tqi.f.TQ) 

d%{r,TQ) 



(1 + (1 - rf) log(4rQ) + log 


(3.16) 


The only signihcant difference between the scalar and pseudoscalar cases is for Higgs 
masses near the threshold, ~ 2mQ, as already discussed in §2.1.3: there is a singularity 
in the case of the Agg amplitude and perturbation theory cannot be applied there. 

The total iP-factors at NLO for the production of the three neutral Higgs particles, 
dehned as the ratios of the NLO to LO cross sections evaluated with the PDFs and as at 
the respective orders, are shown in Fig. 3.7 for the Tevatron and in Fig. 3.8 for the LHC as a 
function of the respective Higgs mass for the values tan /3 = 3 and 30 [there is a few percent 
uncertainty from the numerical integrations]. 
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Figure 3. 7; The total K-factors at NLO for Higgs production in the gg ^ ^ fusion processes 
as a function of at the Tevatron for the values tan/3 = 3 (left) and tan/3 = 30 (right). 
The renormalization and factorization scales have been fixed to fiji = ftp = and the 
MRST PDFs have been used. 



Figure 3.8: The same as Fig. 3 .7 for LHC energies. 

If the top quark loop were by far dominating, the /’^-factors would have been as in the SM 
case: K ~ 1.8 (2.2) at low Higgs masses and reaching values K ~ 1.9 (2.8) at high masses, 
~ 1 TeV (300 GeV) at the LHC (Tevatron). However, because of the additional 6-quark 
contribution which is sizable even for tan/3 = 3, the trend is different and the iL-factors are 
larger at low Higgs masses and smaller at high masses. At large tan/3, when the bottom 
quark loop is dominant, the JL-factors are almost constant and relatively small, K ~ 1.4 at 
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the Tevatron and K = 1.2-1.4 at the LHC, except in the range near when 

the h or H boson behave as the SM Higgs boson. Note that, except near the ti threshold 
and also above [where the imaginary part of the t-quark contribution plays a role even for 
tan/3 = 30], the JL-factors are almost the same for the A boson and for the pseudoscalar 
like CP-even Higgs particle. 

QCD corrections at NNLO in the heavy top limit 

For the production of the CP-even Higgs particles in the gg fusion at NNLO, the results 
presented for the SM Higgs case in §1.3.4.3 can be straightforwardly translated to the lighter 
h boson as well as to the heavier H boson for masses below the ti threshold, Mh ^ 350 GeV. 
These results are, however, only valid when the top quark loop is dominating, that is, for 
small tan/3 values and when the h{H) particles are in the (anti-)decoupling regime, since 
the calculation has been performed in the heavy quark limit. Similarly to the SM Higgs 
case [353], the QCD corrections to the production of the pseudoscalar Higgs boson at NNLO 
have been also calculated in this limit [354,355]. The same techniques and procedures have 
been used and in the following, we will simply summarize the main differences between the 
CP-even and CP-odd cases, relying on the material already given in §1.3.4.3. 

Keeping in mind that the normalization at LO is different from the CP-even case, the 
results for the corrected partonic cross sections of the process gg ^ A + X at NNLO 

with i,j = g,q,q (3.17) 

can be written in terms of an additional piece to the SM case, gg —>■ LTsm + Retaining 

again only terms up to order (1 — f)^ [which is a very approximation, see §1.3.4.3 for a 

discussion], one obtains very simple expressions for the difference between the pseudoscalar 
and scalar cases [in particular, one can notice the explicit difference at NLO, + 

^SigSjgv6{l — f), discussed above] [354] 

+ ( 1-97 - OJUa) «(1 - f) + 6®i(f) - ef(A - f - 2 )« + 1(93 - 96f) 

= <«s„ + 5(2-2f + r^)<+l(13f-60), 

= A® =A®^ = 0 (3.18) 

with £ = log(l — r), £a = log(M^/mj) and the Vi distribution dehned in §1.3. For the 
numerical evaluation of the hadronic cross sections, we follow the same analysis as in the 
SM case. Assuming that the Att coupling has the same magnitude as the Hsuti coupling, 
gt = ^ [which in practice is equivalent to set tan/3=l and to ignore the small contribution 
of the 6-quark loop], the cross section for gg ^ A is shown in Fig. 3.9 at the LHC and at 
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the Tevatron as a function of Ma at LO, NLO and NNLO. The MRST parton distributions 
have been again used. The normalization at LO contains the full top mass dependence 
with mt = 175 GeV. The cross section for different gt values can be obtained by simply 
rescaling the curves with \gt\^, but if the bottom quark loop contribution dominates, the 
NNLO calculation fails and one has to restrict oneself to the NLO result. 

The behavior of the cross sections is qualitatively and quantitatively similar to the one 
of the SM Higgs boson since we are below the Mh/a = 2mt threshold. The total iL-factors 
are large, with the NNLO contribution signihcantly smaller than the NLO contribution, 
indicating a nice converging behavior of the perturbative series. The scale dependence is 
also the same as in the SM case and varying Hr = Hf between \Ma and 2Ma results in 
a variation of the cross section of 20% (40%) at LO, 15% (25%) at NLO and 10% (15%) 
at NNLO at the LHC (Tevatron), showing a clear reduction of the scale dependence and, 
hence, of the theoretical uncertainty when higher-order corrections are included. 



Figure 3.9: The total production cross section for a pseudoscalar Higgs boson at the Tevatron 
(left) and at the LHC (right) as a function of the Higgs mass at LO, NLO and NNLO. The 
coupling constant of the A boson to top quarks is as for the SM Higgs boson, gt = 1. The 
MRST parton distributions are used and the scales are set to Ma; from Ref. [354]. 

The total cross sections 

As mentioned previously, when calculating the total cross sections of the gluon fusion mech¬ 
anisms in the MSSM, gg —> $, one cannot use in general the low energy theorem where the 
heavy top quark is integrated out to incorporate the higher-order corrections, even for Higgs 
masses below the 2mt threshold. Because in most cases the fe-quark loop gives the dominant 
contribution, this effective treatment does not apply anymore and one has to incorporate 
the corrections in the full massive case or at least, when tan/3 is extremely large and the 
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bottom loop is by far dominant, in the massless 6-quark case when the Yukawa coupling and 
the large logarithms have been separated out. In the following discussion, we thus ignore 
the NNLO results discussed previously and implement only the NLO corrections which are 
known exactly. We also ignore, for the time being, the contribution of the SUSY loops. 

The cross sections at NLO for the production of the two CP-even and of the CP-odd 
Higgs bosons are shown as a function of their respective masses in Figs. 3.10 and 3.11 for, 
respectively, the Tevatron and the LHC. Again, the two values tan /3 = 3 and 30 have 
been chosen and the MSSM Higgs sector has been treated in exactly the same way as in 
the processes involving gauge boson discussed previously. The MRST PDF set has been 
adopted and the factorization and renormalization scales have been set to hf = = \Mq, 

to approach the NNLO rates in the decoupling limit or at low tan/3 values [see §1.3.4]. 




Figure 3.10: The production cross sections of the CP-even h,H bosons (left) and CP-odd A 
boson (right) in the gluon-gluon fusion mechanism at the Tevatron as a function of the Higgs 
masses for tan/3 = 3 and 30. They are at NLO, with the scales fixed to fir = Pr = 
with mt = 178 CeV, mi, = 4.88 CeV and the MRST set of PDFs has been used. 

As can be seen, except for h and H in, respectively, the decoupling and anti-decoupling 
regimes, the production cross sections for the CP-even Higgs bosons are smaller than in 
the SM case for low tan/3 values, when the suppressed top quark loop contribution is still 
dominant, and very large for high tan /3 values, when the 6-quark loop contribution is strongly 
enhanced. The cross sections are minimal for values tan /3 ~ 6-8 when we reach the maximal 
suppression of the coupling g^^u and the minimal enhancement of g^i,i,. For the value tan /3 = 
30 used for illustration, the gg — h/H cross sections are one order of magnitude higher than 
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Figure 3.11: The same as Fig. 


3.10 hut at LHC energies. 


in the SM with a dominating top loop contribution. They can be even larger as they grow 
as tan^ f3, possibly exceeding the atobarn level at the LHC for small Higgs masses. 

The cross sections in the pseudoscalar Higgs boson case are approximately the same 
as the ones for h and H production for, respectively, Ma ^ and M 4 > an 

approximation which improves with higher tan (3 values for which the decoupling or anti- 
decoupling limits are quickly reached and for which the 6 -quark loop contributions become 
more important resulting in almost equal ^gg amplitudes in the scalar and pseudoscalar 
cases as a result of chiral symmetry. The only noticeable difference, except of course in 
the (anti-)decoupling limits for [H) h, occurs near the 2mt threshold where the amplitude 
for the CP-odd A boson develops a singularity while the one for the CP-even H boson 
simply reaches a maximum; these features have been discussed in §2.1.3. For low values of 
tan/3, however, the amplitudes are slightly different: first, because the Higgs couplings to 
top quarks do not reach quickly common values and, second, because the amplitudes are 
different since the one-loop form factors are such that ~ | and ~ 2 for rrit > M$. 


Higgs plus jet production 

Finally, an additional source of neutral Higgs bosons will be the associated production with 
a high transverse momentum jet, gg ^ ^ + j. As discussed in the SM case, this is in 
principle part of the NLO QCD corrections but, since the additional jet can be detected if 
it is hard enough, this process is interesting [356] as it might have a lower background than 
the initial process ////—>$. The Feynman diagrams generating this final state are the same 
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as in the SM but again, one has to include the contributions of the 6-quark loops which 
lead to extremely enhanced cross sections for the production of the pseudoscalar A and the 
CP-even h{H) boson in the (anti-)decoupling limit if the value of tan/3 is large enough. 
Additional topologies with initial bg and bb initial states are also present for this process and 
here, again, the possibility that squark loops contribute signihcantly to the production rates 
has to be considered. 

The cross sections have been calculated in Refs. [357-359] and, as an example of the 
possible output, we show in Fig. 3.12 borrowed from the hrst reference, the cross section for 
the production of the lighter MSSM Higgs boson in association with a jet with a minimum 
transverse momentum of = 30 GeV and a rapidity of \rij\ < 4.5. In the left-hand side 
of the hgure, the pp —> hj cross section is shown as a function of Ma for tan/3 = 30 at 
the LHC. The maximal mixing scenario with Ms = 400 GeV has been chosen and the cross 
sections are shown with and without the contribution of SUSY particles (SP) and including 
or not bottom quark initiated processes. As can be seen, the cross section can be extremely 
large if the h boson is pseudoscalar like, that is, in the anti-decoupling regime. The initiated 
6-quark contributions, 66 —*■ hj with the initial 6-quarks treated as partons, are in fact the 
dominant ones. Even the contributions of the SUSY particles, when there are light enough, 
can be signihcant. This is exemplihed in the right-hand side of the hgure where the same 
cross section is shown as a function of Ms with Ma = 200 GeV, tan (3 = 6 and in different 
SUSY scenarios. 


a{pp hj) [pb] 



a{pp hj) [pb] 



Ms [GeV] 


Figure 3.12: The cross section for the production of the h boson in association with a hard 
jet, pp — hj, at the LHC as a function of the pseudoscalar Higgs mass Ma (left) and of the 
SUSY scale Ms (right) in various scenarios indicated in the figure; from Ref. [357]. 
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3.1.3 Associated production with heavy quarks 
The cross sections in an improved Born approximation 

The same gross features discussed above for the gg case, appear in the associated production 
of the neutral Higgs bosons ^ = h,H and A with top and bottom quark pairs, pp — qq, gg — 

and pp —> qq, gg —> These two processes [and in particular, the former process since 

in the SM, 6fe+Higgs production is not very relevant because of the tiny bottom-quark 
Yukawa coupling] have been analyzed in §1.3.5 and most of the discussion on the analytical 
aspects holds in the MSSM, at least in the case of the CP-even Higgs bosons. The only 
difference is, of course, that the cross sections have to be multiplied by the squares of the 
reduced Higgs Yukawa couplings to fermions [313,360] 

aipp^QQH) = ghqQCJsMipp^ QQH) (3.19) 

The production cross sections for pp —> tt + h/H are smaller than the ones of the SM 
Higgs boson with the same mass except, again, in the decoupling or anti-decoupling limits 
for, respectively, the h and H bosons and the suppression is drastic at high tan [3 values. In 
turn, for these high values, the pp —> bb + h/H cross sections are strongly enhanced being 
proportional to tan^ (3 outside the two mentioned regimes. In this case, the cross sections for 
the production of the pseudoscalar Higgs boson are almost identical to those of the h and H 
bosons for, respectively, and as a result of chiral symmetry which 

approximately holds in this case since ml/M\ -C 1. For low tan/3 values, the cross sections 
for scalar and pseudoscalar Higgs production do not have the same magnitude because of 
the different ^QQ couplings [since the decoupling limit is reached very slowly in this case] 
and, in the case of the pp —process, the amplitudes squared where top quark mass 
effects are signihcant for not too large Higgs masses, are not the same. 

The total production cross sections are shown at LO as a function of the mass of the 
relevant Higgs boson in Figs. 3.13 and 3.14 for, respectively, the Tevatron and the LHC. The 
pp —>■ cross section is displayed for tan/3 = 3 and = 178 GeV with the renormalization 
and factorization scales hxed to qiR = pp = + 2mt), while the pp — > cross section 

is displayed for tan /3 = 30 using the running 6-quark mass at the scale of the Higgs mass in 
the Yukawa coupling, mb(M|) ~ 3 GeV, with the renormalization and factorization scales 
hxed to pr = pf = + 2mh) to absorb the bulk of the higher-order corrections as will 

be discussed shortly. In both cases, the MRST parton densities have been used and, again, 
we have adopted the same approximation for the radiative corrections in the MSSM Higgs 
sector as previously. 

As can be seen, while the cross sections for the pp —> process become very small, 

except in the two particular regimes where the h and H bosons are SM-like, they are 
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Figure 3.13: The production cross sections of the neutral h,H and A bosons in association 
with heavy quarks at the Tevatron as a function of the Higgs masses. Shown are the pp —> 
cross sections for tan/3 = 3 with rut = 178 GeV (left) and the bb^ cross sections for 
tan/3 = 30 and using the running b-quark mass with the pole mass taken to be mb = 4.9 
GeV (right). The renormalization and factorization scales are as described in the text and 
the MRST PDFs have been used. 



Figure 3. If: The same as Fig. 3.13 but for the LHG. 
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extremely large in the pp bb^ case with the chosen value tan/3 = 30. In fact, at the 
LHC, the production rates are approximately the same as in the fusion process for 

low Higgs masses, = (9(100 GeV), but decrease less steeply with increasing Higgs mass 
and, at M<j, ~ 200 (500) GeV, they are a factor of ~ 2 (5) larger than the cross sections 
of the gg fusion mechanisms. The pp —> 66$ processes are, thus, the dominant production 
mechanisms of the MSSM neutral Higgs at the LHC. At the Tevatron also the pp bh^ 
cross sections can be increased to the level where they exceed by orders of magnitude the 
standard pp ttHsu cross section and even the one for the gg ^ ^ fusion mechanisms. For 
the value tan/3 = 60, which is probably the highest value that perturbation theory should 
allow for this parameter, the huge event rates make it possible to detect the neutral Higgs 
bosons at the Tevatron in these channels for not too large Ma values. 

The NLO QCD corrections 

The NLO QCD corrections to the associated production of the CP-even Ti = h,H bosons 
with top quark pairs are the same as in the SM Higgs case [361] which has been discussed 
in detail in §1.3.5.2. In the mass range where these processes are relevant, in practice in 
the entire mass range for the lighter h boson and in the range Mh ^ 200 GeV for the 
heavier one, these corrections increase (decrease) the total cross sections only by ~ 20% 
at the LHC (Tevatron) if the renormalization and factorization scales are chosen to be 
+ 2mt). The NLO QCD corrections in the case of the pseudoscalar Higgs 
bosons are not yet known but we expect them to be of the same size as for h/H production, 
at least at the LHC where the mass effects rn^/s should not be very large. The SUSY- 
QCD corrections have also not been calculated yet, but they should be relatively small for 
heavy enough squarks and gluinos, once the leading SUSY threshold corrections to the quark 
masses have been implemented in the Yukawa couplings. 

In the case of the pp 66$ processes, the NLO QCD corrections [362] are also the same 
as in the SM case and, at least for the calculational part, they follow the same lines as 
for the associated Higgs production with top quarks. Since the 6-quark mass is very small 
compared to the Higgs masses, chiral symmetry approximately holds and the corrections 
are the same for the CP-even and CP-odd Higgs bosons. There is, however, a major 
difference between the $66 and $tf cases: because of the small 6-quark mass, the cross 
sections a{gg —> 66$) develop large logarithms, log(Q^/m^), with the scale Q being typically 
of the order of the factorization scale, Q ~ M,^ /:§> mb. These logarithms originate from the 
splitting of gluons into 66 pairs leading to distributions in the 6-quark transverse momentum 
da/dpTb oc PTb/{PTb + which, when integrated over pTb, give rise to a partonic total 
cross section a oc log{Q‘^/ml) where the scale is ~ Pn^- Therefore, while the gg —>■ bh^ 
mechanism gives reliable results at high 6-quark transverse momentum, the convergence 


179 



of the perturbative series is poor in the opposite case, unless these large logarithms are 
resummed. 

As noted some time ago [360,363] and discussed more recently [364,365], this can simply 
be done via the Altarelli-Parisi equations: by considering the 6-quark as a massless parton, 
these leading logarithms are resummed to all orders in QCD by using heavy quark distribu¬ 
tion functions at the factorization scale fip ^ Q. In this scheme, the inclusive process where 
one does not require to observe the b quarks is simply the 2 —»■ 1 process 66 —> 4) at LO; 
Fig. 3.15a. If one requires the observation of a high-pr final 6-quark, one has to consider 
its NLO corrections and in particular the 2 —> 2 process gb —^ $6, Fig. 3.15b, which indeed 
generates the pr of the 6-quark. Requiring the observation of two 6 quarks, one has to 
consider the 2 —> 3 process gg —66<F, Fig. 3.15c, which is the leading mechanism at NNLO. 
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Figure 3.15: Feynman diagrams for 66 —> 6p —»■ 6<F and gg —^ 66$ production. 


Let us discuss these three processes at their respective leading orders. For this purpose, 
it is convenient to follow Ref. [366] and write the partonic cross sections as 






hi e {6,6,p,g,g} (3.20) 

where f = M^/s and djj denotes the cross section for the subprocess ij —> $ -|- X with 
initial i and j gluons and/or light u, d, s, c, 6 quarks, and a final state involving the scalar or 
pseudoscalar Higgs boson $ and additional quark or gluon jets X. The normalization factor 


(To IS 


TT g. 


mb 


12 Mi 


(3.21) 


For simplicity, we present the results for the scale choice Pf = Fr = the results for 
general values of pp and pp can be reconstructed from the renormalization scale invariance 
of the partonic and the factorization invariance of the hadronic cross sections. At LO, the 
partonic cross section for the 66 —*> $ process is simply 

Klir) = 5(1 - f) 


(3.22) 


while for the bg/bg subprocesses, one has at LO [366] 
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For the gg —^bb subprocess, the expressions are much more involved. Dehning the variables 
f± = 1 ± f and using the Spence functions Li 2 and Lis with C 2 = one has [366] 
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(3.24) 


However, the LO cross sections of the three processes are plagued with large uncertainties due 
to the very strong dependence on the renormalization and factorization scales; higher-order 
corrections have therefore to be included for reliable predictions. These corrections have 
been completed by now and the three processes or, rather, the two pictures, the one with gg 
fusion and the one with initial state 6-partons, have been recently compared in [367]. We 
briefly summarize here the results and, for the numerical illustration, we follow Ref. [367] 
where the observation of the final b quarks is achieved by requiring PTb,b A 20 GeV and 
\Pbb\ A 2 (2.5) at the Tevatron (LHC) with an additional jet separation cone of Ai? > 0.4. 
The renormalization and factorization scales have been set to pr = Pr = Po = |(2m6 + M$) 
which is expected to reduce the size of the higher-order QCD corrections [364] and the pole 
6-quark mass is fixed to = 4.9 GeV. 

In the Higgs + 2-jet case, qq/gg —»■ 66$, the NLO corrections calculated in Ref. [362] have 
been already discussed. Although formally the same as for production, the corrections 
are quantitatively different because of the small rub value compared to rrit. At the central 
scale, po = |(2m6+M$) which was already used in Figs. 3.13-14, the NLO results modify the 
cross sections by less than ~ 30% at the Tevatron and ~ 50% at the LHC for the numerical 
values chosen above; Fig. 3.16. The corrections have a strong dependence on the pTb cut 
value: they are negative at large p^^ and positive and small at low 

In the Higgs + 1-jet case, gb 6$, the cross sections are one order of magnitude larger 
than in the previous case for the cuts which have been adopted. In the gg —66$ picture. 
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Figure 3.16: The LO and NLO total production cross sections for a SM-like Higgs boson, 
a{pp —> bbH + X), at the Tevatron (left) and the LHC (right) as a function of Mh with two 
high^T b jets identified in the final state. The scales are as indicated; from Ref. [367]. 


the process has been calculated with the momentum of one fe-quark integrated out, leading 
to a large logarithm, log(/iQ/mj). The NLO corrections increase the cross section by less 
than 50% (80%) at the Tevatron (LHC) and the scale, when varied from 2/io to ^/io, leads 
to a signihcant variation of the cross section; Fig. 3.17. The scale variation is reduced when 
the 6-quark is treated as a parton, the large logarithm being absorbed in the 6-density. The 
NLO corrections to bg —> 6$ are moderate [368]. One can see from Fig. 3.17 that the two 
approaches, gg fusion and bottom partons, agree rather well when the scale is chosen to be 
fiQ = |(2mf, + M$), the difference in this case being within the scale uncertainty. 
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Figure 3.17: The total cross sections for pp —> bbH + X at the Tevatron (left) and the LHC 
(right) as a function of Mh with only one high^T b jet identified in the final state. The 
scale is varied from fip = Fr = 2/io to around the central scale given [together with the 
Pt and rj cuts] in the figure; from Ref. [367]. 


182 






Finally, in the case where no hnal state 6-quark is required for identideation, i.e. when 
inclusive Higgs production is considered, there is again an increase in magnitude of the 
production cross section compared to Higgs plus one 6-jet production. The 66 —> <F cross 
section has been calculated at NLO some time ago [360] and recently at NNLO [366], resulting 
in a very small scale variation as shown in Fig. 3.18. Note that for the central value /tq of the 
renormalization and factorization scales which has been chosen, the NLO and NNLO results 
are nearly the same, which justifies this particular choice. The calculation in the gg —> $66 
picture, despite of the large logarithms which are present, leads to a result which is rather 
close to the 66 —*■ $ case. However, the scale dependence is much stronger signaling that the 
convergence of the perturbative series is worse than in the pp —*■ case^®. 
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Figure 3.18: The total cross sections for pp —> bbH + X at the Tevatron (left) and the LHC 
(right) as a function Mh with no 6 jet identified in the final state; Ref. [367]. The error bands 
correspond to varying the scale from 2po to The NNLO curves are from Ref. [366]. 

Thus, as expected, when including the higher-order QCD corrections the cross sections 
for pp —^ 66$ in the gg fusion and bottom parton pictures lead to similar results when the 
scales are appropriately chosen. This agreement gives conhdence that the production rates 
are relatively well under control. 


3.1.4 Neutral Higgs boson pair production 

The production of pairs of MSSM neutral Higgs bosons in the continuum can be achieved 
in two main mechanisms: qq annihilation, leading to hA and HA hnal states through the 
exchange of a virtual Z boson [39], Fig. 3.19a, 


qq 


hA, HA 


(3.25) 


^®Note that there are closed top loop contributions which in the SM reduce the cross section by approxi¬ 
mately 5% (10%) at the Tevatron (LHC) and which are not included in the gb fed) and 66 —*■ $ pictures. 
However, they are smaller in the MSSM where the <1>66 ($tt) coupling is enhanced (suppressed). 
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or gg fusion [369-372] induced by heavy quark box and triangle diagrams [the latter being 
sensitive to the triple Higgs couplings], leading to various Higgs hnal states, Fig. 3.19b, 

gg^hh, HH, hH , AA and hH , HA (3.26) 

Additional processes [373, 374] are also provided by double Higgs-strahlung, vector boson 
fusion into two Higgs bosons and triple Higgs boson production [Hig = h, H] 

qq VHiHj , VAA 

qq qqHiHj , qqAA 

qq TiiTijA , AAA (3.27) 


Because of CP-invariance, the other hnal states do not occur. As as result of the limited 
phase space and the low gluon luminosities, these processes will not be relevant at the 
Tevatron and we thus concentrate on the LHC in the following discussion. 



Figure 3.19: Generic diagrams for neutral Higgs pair production in hadronic collisions. 


Production in qq annihilation 

The partonic cross sections for pair production in qq annihilation, qq TiA with 71 = h,H 
are, up to couplings factors, those of the associated 71 production with a Z boson 

a{qq HA) = gl^^y a^m^qq HZ) x -- HA 

with another difference in the phase space factor to account for the production of two spin- 
zero particles. The cross sections are shown in Fig. 3.20 as a function of Ma at the LHC 
for tan/5 = 3 and 30 and the same choice of SUSY parameters as in previous cases. In 
these plots, the NLO QCD corrections have been implemented: they are, in fact, simply 
those of the Drell-Yan or, equivalently, the qq —> HV processes with the scales hxed to 
Fr = Ff = Mah and increase the total rates by approximately 30% [375]. When the phase 
space is favorable, the cross sections can be large. In particular for Ma ^ when the 

coupling ghAz = gnvv = cos{/3 — a) is almost maximal, the qq —> hA cross section is in the 
range of a fraction of a picobarn. The qq ^ HA rate is smaller because of phase space 
suppression and the small gHAz = ghvv = ^Ai{.P — «) coupling for low Ma values. 
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Figure 3.20: The cross sections for associated neutral Higgs pair production in qq annihila¬ 
tion, qq —>• hA and HA, at the LHC as a function of Ma for tan /3 = 3 and 30. They are 
at NLO with the scales fixed to the invariant mass of the AH systems, fiR = iip = Mah- The 
MRST PDFs have been used. 

Note that A-\- h/H production, as well as the production of all possible combinations of 
pairs of Higgs bosons, is also accessible in the fusion of bottom quarks, bb —> $i<h 2 with = 
h, H, A [376]. The lower 6-quark luminosities may be compensated for by large values of tan fd 
which strongly enhance the cross sections. These processes should, however, be combined 
with Higgs pair production in association with bb pairs in gluon fusion, gg —> hb^i ^2 [377] 
since in the previous process 6-quarks also come from gluon splitting. A combined analysis 
of the two process at the LHC, where there might be relevant, is under way [378]. 

Production in gg fusion 

In the gg fusion mechanism, a plethora of pairs of Higgs particles is accessible. The Feynman 
diagrams responsible for these processes are drawn in Fig. 3.19b where both top and bottom 
quark loops [and possibly squark loops when these particles are relatively light] must be 
included in the box and triangular diagrams and, in the latter case, the two channels involving 
the virtual exchange of the h and H MSSM states are to be taken into account. The 
continuum production can be supplemented by the resonant production of the H boson, 
gg —> H, which then decays into two lighter Higgs bosons, H hh. This channel will be 
discussed in more details later. In this context, one should also mention the possibility of 
producing the pseudoscalar A boson, gg —>• A, which then decays into hZ hnal states and 
contributes to the associated AZ production discussed in §3.1.1. 
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For high tan (3 values, a large ensemble of double Higgs continuum events is generated by 
gluon fusion. This is shown in Fig. 3.21 where the cross sections for the various processes^° 
[including the annihilation qq TiA processes for comparison] are displayed as a function of 
Ma for tan /3 = 30. Below the transition limit, M 4 < the cross section is dominated by 

A A, Ah and hh production while, above this limit, A A, AH and HH production dominate. 
For Ma ~ that is, in the intense-coupling regime, all possible Higgs pairs can be 

generated with sizable rates. The sum of all production cross sections, which is also displayed, 
can exceed the picobarn level for low M 4 values and, at large Ma, it saturates at a level 
below ~ 50 fb when only the gg —*■ hh process, with the h boson having a mass Mh ~ 
and SM-like couplings, is at work. 



Figure 3.21: The cross sections for the various pair production of the neutral MSSM Higgs 
bosons at LO in the gg fusion and the qq annihilation mechanisms as a function of Ma for 
tan/3 = 30. The sum of all cross sections is also shown; from Ref. [379]. 

Except for hh and HH production near, respectively, the decoupling and anti-decoupling 
limits, in which the situation is similar to the one of the SM Higgs boson discussed in §1.3.6.1, 
the enhancement is mainly due to the large Yukawa coupling in the 6 -quark loops connect¬ 
ing the gluons with the Higgs bosons. Since the box diagrams are enhanced quadratically 
compared to the triangle diagrams, the sensitivity to the trilinear coupling is very small. 
Thus, except for gg hh {HH) production when Mh{H) ~ these processes do not 

allow to probe these couplings at high tan /3. Note that the cross sections of the VV fusion 
and the Higgs-strahlung channels are strongly suppressed except in the two usual limits. 

^°The cross sections in gg fusion are shown only at leading order. The NLO QCD corrections are available 
only in the case where the limit of a very heavy top quark can be taken, leading to a iy-factor of iy ~ 2 [375], 
which cannot be used here since the 6-quark loop contributions are dominating. 
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The situation is quite different for low values of tan (3. Focusing first on the production 
of pairs of the lighter Higgs bosons, the pp —> hh production channels follow the pattern 
of the SM Higgs boson, with the gluon fusion being dominant, followed by VV fusion and 
then double Higgs-strahlung. The cross sections [in fb] are shown in the left-hand side of 
Fig. 3.22 as a function of Mh for tan/3 = 3; they are of moderate size. However, within the 
cascade decay regions, when the resonant production of an intermediate heavy Higgs boson 
takes place, the cross sections rise dramatically. Large contributions to the cross sections 
are generated by H production in the fusion channels, gg/VV —> iL — hh, and W^h 

decay in Higgs-strahlung, W^* —*■ H^h —> W^hh. As expected, the gg —*■ hh cross section 
becomes very large, ~ 1 pb, in the decaying H region. As will be discussed later, this 
process provides an interesting channel for searching for MSSM Higgs bosons at the LHC. 
The sensitivity of the cross sections with regard to a variation of the coupling \hhh by the 
rescaling factor k = 1/2 to 3/2 is close to 10% in the continuum while the sensitivity of H 
cascade decays to a variation of the Xuhh couplings is indicated by arrows and is significant. 



90 95 100 105 90 95 100 105 


MJGeV] MJGeV] 

Figure 3.22: The total cross sections at the LHC for hh production via double Higgs- 
strahlung, VV fusion and gluon fusion (left) and Hh production in the processes qq ^ VHh 
(right) as a function of Mh for tan/3 = 3; from Ref. [374]. 

Finally, turning to the processes involving a light plus a heavy Higgs boson, pp —> Hh+X, 
which is the next favored by phase space, the cross sections in excess of 1 fb at the LHC are 
shown in the right-hand side of Fig. 3.22 again as a function of Mh and for tan /3 = 3. When 
the cross section are sizable the final states are in fact generated in cascade decays by gauge 
interactions, pp —> Z* —> AH —> ZhH and pp —> W* — H^H —> W^hH. These processes 

are, therefore, not suitable for measuring the trilinear Higgs couplings. The production rates 
are too small for these final states to be detected anyway. 
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3.1.5 Diffractive Higgs production 

As discussed in §1. 3.6.4, diffractive processes inpp collisions, where two protons are produced 
at very large rapidities and remain unaltered, lead to centrally produced Higgs particles 
[380-384] 

p + p—+ p (3.29) 

[the + sign is for the large rapidity gaps] and nothing else in the case of the central exclusive 
double diffractive process. These events are clean enough to be detected by measuring the 
missing mass of the system when the protons are tagged. As also discussed in §1.3.6.4 , an 
interesting feature is that there are selection rules which make that the production of the 
CP-even Higgs particles is much more favored than CP-odd Higgs production. In the SM, 
the cross section, which is proportional to the gluonic Higgs width, is rather small [381]. As 
we have seen in this chapter, the ^gg coupling can be much larger in the MSSM [382,383] as 
a result of the enhanced 6-loop contributions for large tan (3 values, leading to signihcantly 
larger production rates for the process eq. compared to the SM. This is exemplihed 

in Fig. 3.23 where the cross sections for the production of the h, H and A bosons at the 
LHC are shown as a function of the Higgs masses for tan/3 = 30. They are folded with the 
branching ratios for the decays $ —> 66 which are at the level of ~ 90% in most cases. 

As can be seen, the rates are rather large in the case of the CP-even Higgs bosons outside 
the decoupling and anti-decoupling regimes, in which they reduce to the SM values which 
are shown for comparison. For Ma ~ 130 GeV, that is in the intense coupling regime, the 
cross sections for both h and H are at the 10 fb level. If a missing mass resolution of AM = 1 
GeV is achieved, one is left with ~ 100 observable events for both particles for a luminosity 
of A = 30 fb“^ and a background of only a few events, after selection cuts and experimental 
efficiencies are applied [383], resulting in a large discovery signihcance. [In the SM, a detailed 
Monte Carlo analysis of the signal, backgrounds and detector effects has been performed in 
Ref. [384] and it has been shown that a ratio A/H ~ 1 can be achieved for = 120 GeV 

with a missing mass resolution of 1 GeV.] The small resolution on the missing mass would 
lead to a nice measurement of the Higgs boson masses. 

As a result of the spin-parity selection rules in the process, the cross section for diffractive 
production of the pseudoscalar Higgs boson is two orders of magnitude smaller than in the 
CP-even case. This would lead to a clean determination of the quantum numbers of the 
produced Higgs states. In fact, even if the cross section for the CP-even and CP-odd states 
Higgs bosons were comparable, the CP-nature of the h, H bosons could be verihed by looking 
at the azimuthal correlation between the outgoing protons. The separation of the almost 
mass degenerate CP-even and CP-odd states in the decoupling or anti-decoupling regimes 
could also be made if the mass differences [and the total Higgs widths] are smaller than 
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Central exclusive diffractive production 



Figure 3.23: The production cross sections times the bb branching ratios for the central 
exclusive production of the neutral MSSM Higgs bosons at the LHC as a function of the 
Higgs masses for tan/3 = 30. The SM result is shown for comparison; from Ref. [383]. 

the resolution on the missing mass^^. Hence, central exclusive diffractive Higgs production 
might be an interesting channel in the MSSM, in particular in the intense coupling regime. 

3.1.6 Higher—order processes 

Finally, let us briefly mention some higher order processes for MSSM neutral Higgs produc¬ 
tion at the LHC. Among the processes of this type, discussed for the SM Higgs in §1.3.5.4 
and §1.3.6.2 where details can found, three channels might be relevant in the MSSM: 

- CP-even Higgs production in association with gauge boson pairs. As in this process 
the Higgs bosons are only emitted from the gauge boson lines, the cross sections for pp —> 
VVTi with V = 1F,Z, 7 and Ft = h,H are simply those of the SM Higgs boson folded by 
the gfivv factors. They are, thus, suppressed in general compared to the SM case except in 
the (anti-)decoupling regime for the (H) h boson. As in Higgs-strahlung and vector boson 
fusion, one would approximately have aiVVh) + aiVVH) ^ aiVVH^yf). 

- Higgs production in association a gauge boson and two jets. The vector boson fusion 

type processes pp —> qqHV with V = W, Z,'y are also similar to those which occur for the SM 

Higgs boson and the bulk of the cross section can be obtained by folding the SM rate by the 

^^See also the recent discussion of Ref. [385] in the context of almost degenerate Higgs particles in the 
case of the CP-violating MSSM. 


189 







9nvv factors. However, here, there are additional diagrams involving the other MSSM Higgs 
bosons and in fact even the A and particles can be produced in this type of processes 
[although we expect the rates to be tiny]. These channels are presently under study [386]. 

- Associated production with a single top quark. In the SM [387], the process is medi¬ 
ated by several channels [see §1.3.5.4] but the total rate is rather small, barely reaching the 
level of 100 fb for low Higgs masses at the LHC for the most important one: f-channel fusion 
of a light quark and a bottom parton from the proton sea which, through W exchange, leads 
to the qb —> final state. In the MSSM [388], the $66 couplings are enhanced at large 

tan/3, possibly increasing the production cross sections. This is shown in Fig. 3.24 where the 
production rates for light h and A bosons are shown for this t-channel process as a function 
of the Higgs masses for several values of tan/3. The cross section in the SM Higgs case is 
also shown for comparison. While the rates are indeed enhanced compared to the SM at 
large enough tan/3 values [in the case of 6,, this occurs only in the anti-decoupling regime], 
the enhancement is not very large: only a factor of ~ 3 for tan /3 ~ 50. The reason is that 
in the SM, the dominant contribution is originating from the emission of the Higgs boson 
from the W and top quark lines and these contributions are switched off in the MSSM for 
the pseudoscalar and pseudoscalar-like Higgs bosons as their couplings to these particles are 
zero or inversely proportional to tan /3. The contribution of the diagram where h and A are 
emitted from the 6-quark line [which is negligible in the SM] can only be enhanced to a level 
where it becomes comparable or only slightly larger, as m{,tan/3 ~ rrit for tan/3 ~ 30-50. In 
view of the large backgrounds which affect this hnal state [388], the detection of the Higgs 
bosons in this process is, thus, as difficult in the MSSM than in the SM. 



irii (GeV) mj (GeV) 


Figure 3.24: The cross sections for the production of CP-even h (left) and CP-odd A (right) 
bosons in association with a single top quark as a function of Ma and tan /3 in the maximal 
mixing scenario with Ms = 1 TeV and /i = —200 CeV; only t-channel production is included. 
The rate for a SM Higgs boson is shown for comparison; from Ref. [388]. 
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3.2 The production of the charged Higgs bosons 

3.2.1 Production from top quark decays 

As discussed in §2.3.1, if the bosons are lighter than the top quarks, Mh± ^ ~ 

170 GeV, they can be produced in the decays t H'^b and t H~b [178,389]. The 
production of top quark pairs results from qq annihilation and gg fusion. Fig. 3.25, with 
the former (latter) process being largely dominant at the Tevatron (LHC). Top quark pair 
production has been discussed in many places and we refer the reader to e.g. the review of 
Ref. [390] for details. Here, we simply mention that the cross section is about a{pp —tf) ~ 5 
pb at the Tevatron and increases to a{pp —»■ ft) ~ 0{1 nb) at the LHC. This means that 
approximately 10^ and 10® top quark pairs can be produced at integrated luminosities of, 
respectively, 2 fb“^ at the Tevatron Run H and 100 fb“^ at the nominal LHC. While the top 
quark should dominantly decay into a W boson and a bottom quark, the branching ratio 
being presently measured to be BR(t —> bW^) > 0.5 at the 2a level, the decay t bH^ in 
the MSSM could lead to more than 10^ (10®) charged Higgs particles at the Tevatron (LHC) 
if kinematically allowed and if the branching ratio is larger than 1 percent. 



Figure 3.25: Feynman diagrams for top quark production and decay in hadronic collisions. 

The branching ratio for the decay t —>■ bH^ has been discussed in §2.3.1 including the 
relevant higher-order standard and SUSY corrections and it has been shown that, when 
kinematically allowed and if not too much suppressed by phase space, it is rather large, in 
particular, for small and large values of tan/3 where it can exceed the level of ~ 20%. The 
cross section®^ times branching ratio, a{pp —>■ tf) x BR(f —> bH'^) is displayed in Fig. 3.26 as 
a function of the mass for several values of tan/3, tan/3 = 3,10 and 30, at the Tevatron 
and LHC energies; the CTEQ4 set of PDFs has been used. The rate for H~ production is 
of course the same and the cross sections for the two processes have to be added. 

As can be seen, for small ( < 3) or large ( > 30) values of tan/3, the production rates are 
huge if the charged Higgs boson is light enough. For intermediate values, tan/3 ~ 10, the 
Ff^tb coupling is not enough enhanced and the rates are rather small, in particular at the 
Tevatron. There is also a strong suppression near the ~ Mh± kinematical threshold and, 

^^Note that for the pp —> tt cross section, we used only the tree-level result. A A'-factor of about K ~ 1.5 
should be applied [391], thereby increasing the production rate. 
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Figure 3.26: The production cross section for the charged Higgs boson from top decays, 
pp ^ tt ^ H^tb in pb, as a function of the mass for different values of tan f3 at the 
Tevatron (left) and the LHC (right). The CTEQf PDFs have been used and the pole guark 
masses are set to mt = 178 GeV and mb = 4.9 GeV. 

for Mh± = 160 GeV, the cross section at the Tevatron is only of the order of 20 (50) fb for 
tan/3 = 3 (30). Note that close to this threshold, one should include top quark width effects 
which allow a smooth transition from the production in top decays, pp —> t*t H^hi for 
mt > Mfj± + mb, to the production in the continuum, pp H^ib for < Mh± + mb. In 
the hgure, the off-shellness of the top quarks has been, in fact, included in the production 
rate and this explains the not too fast fall off near threshold. [In this case, other channels 
might need to be added to have a gauge invariant amplitude; see Ref. [392] for instance.]. 

3.2.2 The gg and gb production processes 

If the charged Higgs bosons are heavier than the top quark, one has to resort to direct 
production mechanisms [313,324,371,393-406]. At high energies, when the gluon luminosities 
are large, two mechanisms are relevant for H^ production: gb fusion [313] and gg fusion [393], 
with a small contribution from qq annihilation in the later case 

vv gb {gb) tH- {tH+) 

PP gg^ gg tH~b + fH^b (3.30) 

Examples of Feynman diagrams for these two production processes at leading order are 
shown in Fig. 3.27. The expression of the partonic cross section for the 2 —»■ 2 mechanism 
gb tH~ , where the 6-quark is treated as a parton inside the proton, is rather simple to 
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Figure 3.27: Generic Feynman diagrams for the processes bg ^ H t (a) and gg —> tbFf (b). 
write down [324] 


cr{gb^H t) = 




{8C-XbXt [i (l-xlf) - 2 A] + 


C+ [2i (1 +xl-2x1x1^-2xl^{l-xl^)) - A (3 -7x1^ +4(3+x^J +2x^(l-x^J)] } (3.31) 


with the abbreviations Xi = mi/ VI, x\^ = x\ — x^, i = log [(1 — xj^^ + A)/(l — x\^ — A)] and 
the phase space function A = [(1 — {xt + XhV) (1 — {xt — while the combination 

of couplings is given by C± = mf cot^ f3 + ml tan^ (3 ± 2mtmb. As usual, this partonic cross 
section has to be folded with the b and g densities to obtain the total hadronic cross section. 

The cross sections, evaluated with the program of Ref. [323], are shown at the LHC in the 
left-hand side of Fig. 3.28 as a function of Mh± for the three values tan /3 = 3,10 and 30 [these 
processes have negligibly small cross sections at the Tevatron where they will be ignored here]. 
The running mass have been used in the case of the 6-quark, fhb ~ 3 GeV, and the CTEQ4L 
parton distributions [344] have been adopted at LO with = 0.132. However, to 

absorb part of the NLO corrections and, similarly to 66$ production discussed earlier, the 
renormalization and factorization scales have been set to fip = + Mh±). For the 

low and high tan (3 values, as they scale as ml cot^ f3 and ffil taxF (3, respectively, the cross 
sections exceed the 0.1 pb level only for low Higgs masses, Mh± ~ 300 GeV, i.e. they are 
two orders of magnitude smaller than in the production from top decays at Mh± ~ 100 
GeV. The cross sections drop quickly with increasing masses but they are still at the level 
of 10 fb at Mh± ~ 700 GeV in the low and high tan (3 regimes. 

For the 2 —> 3 process gg/qq —»■ tbH^, the analytical expression of the partonic cross 
section is probably too complicated and, to our knowledge, it is not available in the literature 
[in turn, the amplitudes can be found in Ref. [395], for instance]. The total hadronic cross 
section is shown as a function of Mh± in the right-hand side of Fig. 3.28 for the same inputs, 
including the scale choice fip = Fr = + Mh±) as for the gb —> H~b fusion case. It 

follows exactly the same trend as the previous process, but it is a factor 2 to 3 smaller as a 
result of the additional coupling factor. 

In this leading order picture, when the dominant decays > tb tu) take 

place, the gb fusion process gives rise to 3 (1) 6-quarks in the hnal state while the gg fusion 
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Figure 3.28: The production cross sections for the charged Higgs boson at the LHC as a 
function of the H^ mass for tan/3 = 3,10 and 30 in the 2 —> 2 process gb —>■ H~t (left) 
and in the 2 —> 3 process qq/gg —*• H~tb (right). They are at LO with the scales fixed to 
Fr = Tf = \{Mh± + FOt); the CTEQf PDFs with af^{Mz) = 0.132 have been used. 

process leads to 4 (2) 6-quarks. Both processes contribute to the inclusive production where 
at most 3(1) hnal 6-quarks are required to be observed. However, in this case, the two 
processes have to be properly combined to avoid the double counting of the contribution 
where a gluon gives rise to a 66 pair that is collinear to the initial proton [324,360]. The 
total cross section of the inclusive process in this case is mid-way between those of the two 
production mechanisms. This, however, might not be the case when additional cuts are 
applied; a Monte-Carlo implementation of this combination has recently been made [407]. 

Similarly to what has been discussed in the case of associated Higgs production with 
66 pairs, the process gg — H~tb is in fact simply part of the NLO QCD corrections to 
gb H~t when the momentum of the additional final 6-quark is integrated out. Also 
as in the 66+ Higgs case, the scale dependence at LO for both processes is rather large, 
changing the magnitude of the cross sections by ~ 50% for a reasonable variation of the 
renormalization and factorization scales. While the NLO corrections to the 2 —3 process 
[which are even more complicated than in the tt and 66+ Higgs cases because of the presence 
of three hnal state particles with different masses] are not yet available, the NLO QCD 
corrections to the fusion process gb —> H~t have been derived recently [365,408], leading to 
a huge stabilization of the production rate. 

The results of the calculation are summarized in the two [busy] plots of Fig. 3.29 where, 
in the left-hand side, the cross sections in different approximations are shown and, in the 
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right-hand side, the it'-factors with their scale variation are displayed. The default scale 
has been chosen to be mav = + Mh±). The main features are familiar to us: the use of 

the pole quark masses at tree-level is inappropriate, the very large scale variation at LO is 
strongly reduced when including the NLO corrections and almost all these NLO corrections 
can be absorbed by choosing a low scale /if ~ hr? ~ for which the K-factor is close 

to unity. Note that there are also potentially large SUSY-QCD corrections but, again, they 
essentially consist of the threshold corrections to the bottom and top quark masses and can 
be thus mapped into the Yukawa couplings. 




Figure 3.29: Left: the inclusive production cross section pp —> tH~ + X at the LHC as a 
function of Mh± where the dashed and solid lines show the consistent LO and NLO results 
and the dotted line is the total cross section from the exclusive production process gg —> 
H~tb. The tree-level results are also shown using the pole mass for the b-guark Yukawa 
coupling. The range for the NLO order result is given for p.F = Lr = "^av/d up to with 
1 R 3 .V = \{jnt + Mh±). Right: the corresponding consistent K-factors for the three values of 
tan/3 = 5,10,30; in the case of tan ft = 30, shown are the cross sections for three choices of 
R = Rr = Rf, consistently at LO and NLO. From Ref. [365]. 

3.2.3 The single charged Higgs production process 

The most straightforward process for charged Higgs production at hadron colliders should be, 
in fact, single production via the annihilation of light quarks [396-398]. Despite of the small 
couplings of the bosons to these fermions, which strongly suppress the cross sections, 
there is a partial compensation since one is dealing with a 2 —>■ 1 process. However, a very 
large contribution is also coming from the exchange of the W boson and both processes. 
Fig. 3.30, and their interference should be considered at the same time. 
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Figure 3.30: Feynman diagrams for the production of two fermions through W and Fd^ 
exchange in light guark annihilation at hadron colliders. 


In Ref. [397], the production of tb final states in the annihilation of light quarks 


(lii.Pi) 92 (^ 2 ) ^ ^ t{pt) h{pb) 


(3.32) 


described by the two diagrams of Fig. 3.30 has been discussed in detail. In the general case 
where one assumes the intermediate particles to be virtual, the matrix element squared for 
the process, in terms of the momenta of the involved particles dehned in the equation above, 
is given by where the amplitudes squared for 

exchanges and their interference read 


= 

= 

= 


’H± 


+ 7i^± 


[(m^ cot^ 13 + ml tan^ /3) {ptPb) — 2m^m^] 


X [[ml cot^ (3 -\- ml tan^ /3) {P 1 P 2 ) — 2mlml^ 


128 M^Gl\V, 2 \^\Vtb\ 


’w 


+ 


■(PtP2)(PbPl) 


82Glf\Vi2\^\Vtb\^mtmb[swSH± + 1w1h±\ 

[swSh± + 7 w 7 r /±]^ + [sw'3h± — sh^'Jw]'^ 

X [-ml cot^ (3iptP2) + ml{ptpi) + mlipbP2) - ml tan^ PipbPi)] 


(3.33) 


where sx = s — and 'jx = ^xMx with s being the partonic c.m. energy. The total 
hadronic cross section is obtained by multiplying the amplitude squared by the flux and 
phase-space factors and folding the result with the parton luminosities. In the real world, 
however, the higher-order contributions to this process have to be included and the most 
important component of these will be simply the gb and gg processes which have been 
discussed in the previous section and which, because of the large gluon flux at the LHC, can 
have much larger cross sections if only the charged Higgs contribution is considered. Note 
that the cross section, including the decay t —^ bW, has also been derived in Ref. [397] and 
is useful for the study of the top quark polarization properties. 

The production cross section at the LHC is displayed in Fig. 3.31 as a function of tan (3 for 
the two mass values Mh± = 90 and 200 GeV. In the former case, the separate contributions 
of the W and exchanges are shown and one can see that, except for very small and 
very large values of tan/3 [which are not viable in the MSSM], the W contribution is largely 
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dominating. In Ref. [397], the signal and the W background have been analyzed and it 
has been advocated that, with specific Pt cuts and the study of the top quark polarization, 
one might be able to distinguish between the two different channels. However, this is true 
only for small tan/3 < 0.2 values which are not possible in the MSSM. 
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Figure 3.31: The cross section forpp —^ tb at the LHC including W and exchange as a 
function o/tan/9 for Mh± = 90 and 200 GeV. In the former case, the separate contributions 
of the two channels is shown. From Ref. [397]. 


One can also consider the rv final states for which the production cross sections can 
be straightforwardly derived from the expressions of eq. dSISSl). This has been done in the 
detailed simulation of Ref. [398] where it has also been advocated that, at large tan jS and for 
Mh± = 200-400 GeV, one could possibly extract the charged Higgs signal above the huge 
qq' ^ W ^ TV background if the r polarization is exploited and a proper reconstruction of 
the transverse mass distribution is made. This would allow a measurement of tan (3 at the 
10% level for tan/3 > 20. However, the channel is extremely difficult. 


3.2.4 Pair and associated production processes 

There are also other mechanisms for charged Higgs production at hadron colliders: pair 
production in qq annihilation [399,403], gg fusion [371,401,402] and vector boson fusion [404] 
as well as associated production with neutral Higgs bosons in qq annihilation [39,399,400]; 
there is also the possibility of production in association with W bosons through gg 
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fusion and qq annihilation [405,406]; Fig. 3.32. We briefly discuss these processes below, 
concentrating again on the LHC where the phase space is more favorable. 



Figure 3.32: Diagrams for H^H and production in hadronic collisions. 

The associated production with a neutral Higgs boson, qq' —> with ^ = h,H 

and A, Fig. 3.32a, is mediated by virtual W exchange and the cross section is again simply 
the one in the Higgs-strahlung process for the SM Higgs boson, qq iLsmbF, with the 
proper change of the coupling and phase space factors [39,399,400] 

dsu(qg ^ trt) X * (3.34) 

where the reduced couplings (7 <i>h±vkt are given in Table 1.5. For the production with the 
CP-even Higgs bosons, qq' hH^ and the cross sections follow exactly the same 

trend as the corresponding ones for the production of hA and HA pairs [the NLO corrections 
are also the same] except that the overall normalization is different. In the AH^ case, once 
the two charges are summed, the rates are larger by approximately a factor of two for large 
enough A or masses when the phase space is almost the same, Mh± Ma. 

This is exemplihed in Fig. 3.33 where the cross sections at NLO are shown for the LHC 
as a function of Mu± for tan/? = 3 and 30. As can be seen, in the HH^ case there is no 
coupling suppression at large masses, guH^w^ = sin(/3 — a) —1, and the cross section is at 
the level of 10 fb for Mh± ~ 250 GeV. In fact, for large Mh± values, the HH^ cross section 
is approximately the same as for AH^ production. The latter is not suppressed by the 
coupling factor since gAH±w^ = 1 and, at low Mh± values, it approaches the cross section 
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for the hH^ process which is then maximal. Thus, for moderate charged Higgs masses, the 
cross sections for these processes are not that small, after all. 



Mh^ [GeV] Mh± [GeV] Mh± [GeV] 


Figure 3.33: The cross sections for associated production of the charged and the three neutral 
MSSM Higgs bosons, as well as H^H~ production in qq annihilation, at the LHC as a 
function of Mh± for tan/? = 3 and 30. The NLO QCD corrections are included in all 
processes and the MRST PDFs have been used. 


Charged Higgs bosons can also be produced in pairs. At LO, the mechanism proceeds 
via qq annihilation with the exchange of a virtual photon and Z boson; Fig. 3.22b. As in 
the case of e’''e“ collisions at LEP2 but with the quark charges implemented and the colors 
averaged, the partonic cross section reads [399]: 


a{qq-^H+H-) 


Tra^s) [ 2 ^VqQqVH (Og + Vg)VH 

27s ^ 1 - M|/s ^ (1 - M|/s)2 



s J 


(3.35) 


with the couplings already given; the cross section depends only on the charged Higgs mass 
and on no other MSSM parameter. It is shown in the extreme right-hand side of Fig. 3.33, 
together with the cross section for AH^ production. The trend is similar to the latter 
process, except that the H^H~ cross section is approximatively a factor of two smaller. 

There are three additional processes for charged Higgs pair production: bb fusion through 
the t-channel exchange of top quarks for instance. Fig. 3.32c, the vector boson fusion process 
qq V*V* — qqH^H~, Fig. 3.32d, and the gluon fusion process gg —> H^H~ with the 
exchange of top and bottom quarks in vertex and box diagrams. Fig. 3.32e. However, because 
of the relatively low b density in the hrst process, the additional electroweak factor in the 
second one and the loop suppression factor in the third case, the production cross sections 
are rather small. They are shown in the left-hand side of Fig. 3.34 as a function of Mh± 
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for the values tan/3 = 1.5, 7 and 30. In the case of the qq —> V*V* —> qqH^H~ process, the 
cross section does not depend on tan/3 while, in the case of qq the contribution 

from 7 , Z exchange [Fig. 3.32b] is included and provides the bulk of the cross section except 
at high tan (3 values where the two contributions are comparable. As can be seen, for large 
values of tan /3, tan /3 > 30 and low masses, Mh± ~ 130 GeV, the cross sections reach 
the 10 fb level and are larger in the bb —> H^H~ case. On might, therefore, take advantage 
of these processes at the LHC, although only in the very high luminosity option. 


MSSM production at 14 TeV 



Figure 3.3J^: The cross sections for charged Higgs pair production at the LHC in qq annihi- 
lation including bb, gg fusion and vector boson fusion for tan j3 = 1.5, 7 and 30 (left) and for 
associated production of charged Higgs bosons with W bosons in gg fusion and bb annihilation 
for tan/3 = 6 and 30 (right); from Refs. [fOf] and [fOO], respectively. 

Finally, there is also the possibility of producing the bosons in association with W 
bosons, either in gluon fusion, gg [405,406], Fig. 3.32f, or in bb annihilation [406], 

Fig. 3.32g [recall that the H^WZ, coupling are absent at the tree level]. The cross 

sections, shown in the right-hand side of Fig. 3.34 for almost the same values of tan/3as 
before, are approximately one order of magnitude higher than the corresponding ones for 
charged Higgs pair production. The bb process, together with bb H~^H~, can 

thus have rather large rates. They possibly need a more sophisticated treatment as one 
expects a very strong dependence on the input 6-quark mass, on the renormalization and 
factorization scales, rather large QCD corrections and the combination of these channels 
with the gg bbH'^H~(W~) processes might be required; see e.g. Refs. [409,410]. Note 
that in the gg —> H^H~ and gg —> processes, additional contributions come from 

relatively light top/bottom squarks but, for reasonable masses and couplings, the squark 
loops cannot strongly increase the cross sections in general. 
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3.3 Detection at the Tevatron and the LHC 

3.3.1 Summary of the production cross sections 

Before discussing the channels suitable for the detection of the MSSM Higgs bosons at 
the Tevatron and the LHC, let us hrst recollect the various cross sections for Higgs boson 
production in the main processes that have been discussed in the previous sections. In the 
case of single neutral Higgs production and for charged Higgs production, they are shown 
in Fig. 3.35 for the Tevatron and in Fig. 3.36 for the LHC as functions of the Higgs boson 
masses for tan/3 = 3 and 30 in the maximal mixing scenario where Xt = \/QMs with 
Ms = 2 TeV. The pole top and bottom quark masses are set to, respectively, rrit = 178 GeV 
and mi, = 4.9 GeV and the NLO QCD radiative corrections have been implemented in all 
neutral Higgs channels except for associated production with heavy quarks where, however, 
the renormalization and factorization scales are set to fiR = fip = + 2mt) for and 

+ 2miy) for 66$, as to minimize them. The NLO MRST set of PDFs has been adopted. 

As can be seen, at high tan /3, the largest cross sections are by far those of the gg — 
and qq/gg —>■ bb + $yi/A processes where $a = H (h) in the (anti-)decoupling regime. The 
other processes involving these two Higgs bosons have cross sections that are orders of 
magnitude smaller. The production cross sections for the other CP-even Higgs boson, that 
is, = h {H) in the (anti-)decoupling regime when ~ are similar to those of 

the SM Higgs boson with the same mass and are substantial in all the channels which have 
been displayed [at least at the LHC]. For small values of tan/3, the gg fusion and 66+Higgs 
cross sections are not strongly enhanced as before and all production channels [except for 
associated 66-Higgs production which is only slightly enhanced] have cross sections that are 
smaller than in the SM Higgs case outside the region where the lighter h boson is SM-like. 

For the charged Higgs boson, the only channel that is relevant at the Tevatron is 
production from top quark decays at high and low tan /3, for masses not too close to Mh± ~ 
150 GeV. At the LHC, this process is also the dominant production channel in this mass 
range but, for higher masses, the fusion process gg —> H^tb [supplemented by gb are 

the ones to be considered. In the hgures, shown are the qq/gg —> H^tb process which includes 
the possibility of on-shell top quarks and, hence, pp —> tt with t —>■ H^b. Additional sources 
of states for masses below ~ 250 GeV are provided by pair and associated production 
with neutral Higgs bosons in qq annihilation, but the cross sections are not shown. 

In the following, we discuss the main Higgs detection channels at the Tevatron and the 
LHC, relying mostly on Refs. [325-338], where details and additional references can be found. 
For the neutral Higgs particles, some of these channels are simply those which allow for the 
detection of the SM Higgs particle discussed in §1.3.7. We thus simply summarize these 
aspects, referring to the previous discussion for details, and focus on the new features and 
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signatures which are specihc to the MSSM. 




Figure 3.35: The production cross sections for the neutral and charged MSSM Higgs bosons 
at the Tevatron as a function of their masses for tan jS = 3 and 30; the thin lines correspond 
to the production of the A boson. The various parameters are as described earlier. 
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3.3.2 Higgs detection in the various regimes 
Detection in the decoupling and anti—decoupling regimes 


In the decoupling (anti-decoupling) regime where = h (H) is SM-like, the detection 
techniques of this particle are exactly the same as those of the SM Higgs boson in the mass 
range below ^ 140 GeV. At the Tevatron, the processes pp — W^h and 

—>■ iibh or uubb discussed in §1.3.7.2 can be exploited [411,412]. The discovery reach 
depends on the ratio i?exp = cr{qq' —> > bb)/a(qq' —l/i7sM)BR(i7sM —^ bb) 

which provides the rates in the MSSM for these particular hnal states, compared to the SM 
case. In the decoupling or anti-decoupling limits, this ratio is by dehnition equal to unity 
for the particle. The detailed simulations performed for the Tevatron [325], where many 
systematic errors such as those from 6-tagging efficiency, mass resolution, backgrounds etc... 
have been taken into account, have shown that ~ 30 fb“^ luminosity per experiment [that 
is, the total luminosity delivered by the collider] is needed for a 5a discovery of the SM-like 
Higgs particle in this channel in the mass range below 130 GeV; see the left-hand 

side of Fig. 3.37. However, to exclude at the 95% GL a Higgs boson in this mass range, only 
a luminosity of 5 fb“^ is required since less data is needed for this purpose. 



Higgs Mass (GeV) 



Figure 3.37: Left: the ratio Rexp = crilf' V<h)BR($ — bb)/a(qq' —> Vi7sM)BR(i7sM —^ 
bb) as a function of M^, that is necessary at the Tevatron to discover a Higgs boson at the 
5a level for the indicated integrated luminosity per experiment; the thickness of the bands 
indicate the experimental uncertainties; from Ref. [325]. Right: the detection of the lighter 
MSSM Higgs boson at the LHC in the M^-tan/3 plane at CMS in various channels for the 
maximal mixing scenario and an integrated luminosity of 30 fb~^; from Ref. [4-13]. 
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At the LHC, the 77 decays with the Higgs boson produced in the processes gg — 

or pp —> and leading to 77 ^ events, can be exploited [231,315,411,413,414], 

In the pp —> processes, also the decays bb can be used [415,416], while in 

the gg fusion mechanisms, the clean decays ZZ* —>■ 4£ [231,411] are also useful for 

> 120 GeV when the ZZ* branching ratio is large enough. In the vector boson fusion 
production channel, qq —*■ qq^n with > 77 and [the later mode needs a low 

luminosity] are accessible [417,418], The coverage in the M^-tan/? plane for these various 
detection channels is shown for the lighter h boson in the right-hand side of Fig. 3.37 for a 
luminosity of (mainly) 30 fb“^ at CMS in the maximal mixing scenario. 

At high values of tan /3, the pseudoscalar and pseudoscalar-like CP-even Higgs boson 
are dominantly produced in the gg and 66 -Higgs mechanisms and decay almost exclusively 
into bb and r+r“ pairs. The only channels in which they are accessible are thus the qq/gg — 
bb + A/^a [132,148,149,419,420] where at least one fe-quark is identihed [one can in this 
case use the cross section for the bg ^ b + A/^a processes as discussed in §3.1.3], The 
cross sections for both A and $^1 are to be summed since the two Higgs bosons are almost 
degenerate in mass. At the Tevatron, because the initial production rates are not that 
large and the four jet background not too overwhelming, the <h/A —> bb signal should be 
exploited [421], Again, one can parametrize the discovery reach in terms of the ratio i?exp = 
a{pp —> —»■ bb)/a{pp —> 56i7sM)BR(i7sM —^ bb), which is approximately equal 

to tan^/9 in the mass range below = 130 GeV where BR(i7sM) ~ BR($^). For such a 
Higgs mass, a value tan/3 ~ 50, will be needed to achieve a 5cr discovery with 10 fb“^ when 
both A and 4)^ production are added up, as shown in the left-hand side of Fig. 3.38. 

At the LHC, the 46 signal is too difficult to extract because of the much larger QCD 
background [422], One has then to rely on 4>^/A —> decays with a tagging of the two r 

leptons decaying either into hadrons or leptons, or in mixed decays [423]. In the right-hand 
of Fig. 3.38, we show the coverage of the M^-tan/3 plane [in the maximal mixing scenario 
but with Mg = 1 TeV and smaller values of p and M 2 than usual] with these processes as 
resulting from a CMS simulation with a luminosity of 30 fb“^. At high masses, the best 
coverage is obtained in the channel H/A —>■ > jj + X which has a larger branching 

fraction and a better mass reconstruction and which allows to reach values of Ma ~ 800 GeV 
for tan /3 ~ 35. In the lower Higgs mass range, Ma ^ 400 GeV, and with a higher luminosity, 
£ = 60 fb“^, one can use the H/A ^ decays which, despite of the very small branching 

ratio ~ 3 X 10“'^, are much cleaner than the hnal states and allow a more precise Higgs 
mass reconstruction, thanks to the very good muon resolution [327,424,425], Masses down 
to Ma ~ 120 GeV for tan/3 > 15 [where in fact, = h] can be probed; for lower Ma values 
the tail of the pp —*■ Z{bb) —*■ p~^p~{bb) process becomes too large. One can also notice that 
for Ma ^ 130 GeV and tan/3 > 10, where we are in the anti-decoupling regime with the 
heavier H boson being SM-like, the channel qq —> qqH qqMT~ has been exploited. 
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Figure 3.38: Left: the ratio i?exp = cr(pp — bb)/a{pp —6&i/sM)BR(i7sM —^ bb) 
as a function of that is necessary at the Tevatron for a 5a discovery for the indicated 
luminosities; the solid (dashed) lines are for the CDF (D0) analyses which include system¬ 
atical errors; from Ref. [325]. Right: the detection of the heavier MSSM neutral Higgs boson 
at the LHC in the My^-tan/? plane at CMS in various channels for the maximal mixing 
scenario with an integrated luminosity of 30 fb~^; from Ref. [332]. 

Detection of the charged Higgs boson 

If the charged Higgs boson is lighter than the top quark, it can be searched in top decays 
t —>■ H^b, with the subsequent decay H~^ —>■ tv. The search is in fact restricted to smaller 
masses than Mh+ ^ mt — mb ~ 170 GeV since, close to this limit, the phase space and 
also the possibly large H^ total width become too problematic. At the Tevatron [426], 
the indirect or disappearance searches where one looks for an excess of the pp —>■ ti cross 
section is expected to provide better results for luminosities up to £ = 2-4 fb“^. For higher 
luminosities, the direct search for the decays H~^ —> tv and also for the more challenging 
channels H~^ —*• cs at low tan (3 and H^ t*b —> Wbb at high Mh± will be superior. From 
the absence of a signal, one can delineate the 95% CL exclusion range in the Mj:/±-tan/3 
plane and the result of the analysis of Ref. [325] is shown in Fig. 3.39 for two possible Run 
II luminosities, C = 2 fb“^ and 10 fb“^. For Mh± 120 GeV, which corresponds to the 
present limit in the MSSM, the range tan [3 < 2 and tan (3 > 15 can be excluded, while for 
Mh± ~ 150 GeV, only values tan/3 < 1 and tan/3 > 40 can be ruled out. Note that these 
are only exclusion limits, the regions for H^ discovery are signihcantly smaller. 

At the LHC, thanks to the higher ti production rate and the larger luminosity, the 
direct search of the H^ boson in 3 —> H^b with H^ —> tv can be extended to almost 
the entire Mij±-iaji(3 range [427,428], the two only problematic regions being Mh± > 150 
GeV and tan/3 ~ ^^/mt/mb, where the t — H~^b branching ratio is small; see Fig. 3.40. 
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Figure 3.39: The 95% CL exclusion regions in the Mji/±-tan/9 plane for mt = 175 GeV and 
luminosity values of 0.1 fb~^ (at ^/s = 1.8 TeV, cross-hatched), 2 fb~^ (at ^/s = 2 TeV, 
single-hatched), and 10 fb~^ (at y/s = 2 TeV, hollow); from Ref. [325]. 

Here, hadronic > cs decays help to increase the discovery reach [428]. For Mu+ > mt, 
the particles have to be directly produced in the qq/gg —> thH~ or gb —> tH~ and 
eventually qq —> H^H~, AH^, ■ ■ ■ processes and detected in the clean > tv mode [429]. 
r-polarization in r —> decays [430] enormously helps to discriminate these decays from 
W ^ TV decays [where the pions are softer] and to suppress the huge tt background. For 
very large and small values of tan (5, the decays > tb with the top quark being produced 
in gb bH^ could be used in principle [431], if one requires three 6-quarks and one lepton 
from top decays to be identified and reconstruct both top quark as well as the masses [a 
recent study [432] has shown that this channel might be more problematic than expected]. 
The portion of the M^-tan/? plane which can be covered is shown in Fig. 3.40. 
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Figure 3.40: The coverage in the Myi-tan/3 plane in the search for the charged Higgs boson 
at the LHC in CMS (left) and ATLAS (right) simulations; from Refs. [327, 332]. 
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Detection in the intermediate—coupling regime 


In the intermediate-coupling regime, that is, for a not too heavy pseudoscalar boson and for 
relatively small values of tan /?, several interesting detection channels of the heavier neutral 
and charged Higgs bosons are possible and a summary based on Ref. [330] is given below. 

For Mh ^ 2mt and tan/3 < 5, the decays of the heavier Higgs boson H into two lighter 
ones, H —> hh, as well as the decays into gauge bosons H WW, ZZ have sizable branching 
fractions while the gg ^ H cross section is still rather large, the suppression by the factor 
cos^(/3 — a) being not yet too drastic. The decays into gauge bosons, with one of them being 
eventually off-shell, can be detected in much the same way as for the SM Higgs particle but 
in a Higgs mass range that is narrower because of the smaller cross section times branching 
ratio. The channel gg ^ H ^ hh is much more interesting since it would allow hrst, for the 
simultaneous discovery of two Higgs particles and second, for the measurement of the very 
important Hhh trilinear coupling [371,372,422,433]. The most promising detection channel 
in this context is H ^ hh ^ bbj'j with two isolated and high transverse momentum photons 
and two high pt 6 -quark jets. Since the rates are rather low, one requires only one b jet to be 
tagged. The diphoton mass should be with a couple of GeV of and the dijet mass within 
~ ±20 GeV around M^] the 7766 invariant mass is then required to be within ~ 20 GeV 
of Mh- The most important backgrounds are the irreducible 7766 continuum backgrounds 
but, since the 6 -tagging efficiency is only about 50 to 60% depending on the luminosity, 
one has also to consider the very dangerous bj, cc, cj, jj ± 77 backgrounds which have large 
uncertainties because of the poor knowledge of the total 66 , be and jj cross sections. 

A simulation using ATLFAST [434] has been performed some time ago [330] and the output, 
shown in Fig. 3.41 (left), is that the process 77 — 6 , 6 , —> 6677 can be observed in the mass 
range mt < M 4 < 2mt with tan /3 < 3-4 if a luminosity of 300 fb“^ is collected; only lower 
values of tan fj are accessible for smaller integrated luminosities. The two additional channels 
H ^ hh ^ bbMT~ and H ^ hh ^ bhbb have much larger rates [at least one and two orders 
of magnitude, respectively], however, the backgrounds are also much larger and the resolution 
on the r lepton and 6 -quark pairs is much worse than in the 77 case. In Ref. [433], it has 
been shown that the channel 77 —> 6 , 6 , —> 6666 could be at the edge of observability in a 
rather small area of the parameter space if enough luminosity is collected. Note also that 
the continuum production of two Higgs particles, gg —> hh, has been considered in Ref. [433] 
and the observability of the process in the 46 channel is possible only at very high values 
of tan/3, when the cross section is rather large as a result of the tan^/3 enhancement. In 
this case, however, the contributions of the triangle diagrams involving the 776,6, and hhh 
trilinear couplings are too small and these couplings cannot be measured. 

Another interesting channel is gg ^ A ^ hZ since it also allows the simultaneous 
discovery of two Higgs bosons [435]. The hZ —> 46 hnal state has the largest rate and is 
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Figure 3 . 4 I: The regions in the MA-tan/3 parameter space where the channels gg ^ H 
hh —6677 (left), gg ^ A ^ hZ bb£^£~ (center) and gg — H/A —tf —>■ £pjjbb (right) 
can he detected at the LHC with three options for the integrated luminosity; from Ref. [330], 

similar to the H ^ hh ^ Ab case discussed above, while the hnal state hZ —> 'j'y££ is the 
cleanest one but the rates are unfortunately too low to be useful. The channel A —> hZ —^ 
bh£^£~ has been studied hrst in Ref. [330]; the hnal state can be easily triggered upon and 
the rates are still sizable since BR(Z —»• ££) ~ 6 % for £ = e,fi. Using similar cuts and 
kinematical constraints as those discussed for the hh 'y'jbh case, with the two-photon 
pair replaced by the two-lepton pair [but here, the ££ and ££jj mass can be required to be 
within ±6 GeV of respectively, Mz and Ma], the process can be singled out of the ££jj 
backgrounds [also here, the Zbb and tf backgrounds are the dominant ones] in a region of 
the Myi-tan (3 parameter space that is slightly smaller than for the H ^ hh ^ 'y'yhb process 
if a high luminosity is collected; see the central plot of Fig. 3.41. 

For Ma ^ 2m4, the decays H/A —> tf can still have substantial branching ratios for 
tan /3 < 5 despite of the coupling suppression; the two channels cannot be disentangled since 
H and A have comparable masses and are both dominantly produced in the gg fusion mech¬ 
anism. The detection of this channel has been studied in the tf —> WWbh —> fvjjhh topology 
with both top quarks being reconstructed and the two b jets tagged and is possible but only 
for Higgs masses Mh ^ Ma^500 GeV and tan/3 < 2.5 even for very high luminosities, as 
shown in the right-hand side of Fig. 3.41. Note that, due to a negative interference between 
the signal and pp tf which is the main background [Wj can be made much smaller by 
reasonable cuts], the signal appears as a dip in the tf invariant mass spectrum [436]. 

Finally, for the H^ bosons, there is also a chance that the hnal states H^ —> Wh —>■ £i>bb 
can be observed at low tan/3 and Mh± < mt [330,437]. These hnal states can also originate 
from H^ —> t*b Wbb and the two channels have to be disentangled; see Ref. [179] 
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Detection in the intense—coupling regime 


The most difficult problem we must face in the intense-coupling regime is to resolve between 
the three peaks of the neutral Higgs bosons when their masses are close to one another [146]. 
The only decays with large branching ratios on which one can rely are the bb and 
modes. At the LHC, the former has a too large QCD background to be useful while, for 
the latter channel, the expected resolution on the invariant mass of the r+r“ system is only 
about 10-20 GeV and, thus, clearly too large. One would then simply observe a relatively 
wide resonance corresponding to A and h and/or H production. Since the branching ratios 
of the decays into 77 and ZZ* —> 4£ are too small, a way out [see also Ref. [438] e.g.] is to 
use the decays into muons: although rare, BR(<|) —»■ ~ 3.3 x 10“^, the resolution is 

expected to be as good as 1 GeV, i.e. comparable to the Higgs total widths for ~ 130 
GeV. 

Since the Higgs-strahlung and vector boson fusion processes, as well as pp —>■ 
will have smaller cross sections [418], the Higgs couplings to the involved particles being 
suppressed, the three Higgs bosons will be produced mainly in the gluon-gluon process, 
gg ^ ^ = h, H, A ^ li~ , which is dominantly mediated by 6-quark loops, and the associ¬ 
ated production with bh pairs, gg/qq ^ bh + ^ ^ bb + ■ The dominant background to 

production is the Drell-Yan process pp —>• 7 *, Z* —> but, for the pp — p~bb 

hnal state, one has to include the full 4-fermion background which is mainly due to the 
process pp —> bbZ with Z —> p'^p~. An analysis of the signal and backgrounds in this case 
has been performed in Ref. [146] and we summarize below the main conclusions. 

The differential cross sections for pp(— h, H, A) —> p'^p~ are shown as a function of the 
invariant dimuon mass in the left-hand side of Fig. 3.42 for the scenario Ma = 125 GeV 
and tan/? = 30, which leads to Mh ~ 124 GeV and Mh ~ 134 GeV. As can be seen, the 
signal rate is fairly large but when put on top of the huge Drell-Yan background, it becomes 
completely invisible. Thus, already with a parton-level simulation, the Higgs signal will 
probably be very difficult to extract in this process for < 140 GeV. In the right-hand 
side of Fig. 3.42, we display, again for the same scenario, the signal from pp —»■ p^p~bb 
and the complete 4-fermion SM background as a function of the dimuon system mass. The 
number of signal events is an order of magnitude smaller than in the previous case, but 
one can still see the two peaks, corresponding to h/A and H production, on top of the 
background. 

In a realistic analysis, the signal and background events have been generated using 
CompHEP [439] and detector effects have been simulated taking the example of GMS; the 
details have been given in Ref. [146] to which we refer. The result for a luminosity of 100 
fb“^ are shown in Fig. 3.43 where the number of p~^p~bb events in bins of 0.25 GeV is shown 
as a function of the mass of the dimuon system. The left-hand side shows the signal with and 
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Figure 3-42: The differential cross section in pb/GeV as a function of the dimuon mass for 
both the signal and signal plus background in the processes pp(—> $) —*■ (left figure) 

and pp{-^ $66) —> pffpTbb (right figure); Ma = 125 GeV and tan/3 = 30. From Ref. [146]. 

without the resolution smearing as obtained in the Monte Carlo analysis, while the hgure in 
the right-hand side shows also the backgrounds, including the detector effects. 

In this scenario, the signal cross section for the H boson is significantly smaller that from 
the h and A bosons; the latter particles are too too close in mass to be resolved and only 
one single broad peak for h/A is clearly visible. To resolve also the peak for the H boson, 
the integrated luminosity should be increased by at least a factor of 3. The analysis has also 
been performed for points with Ma = 130 and 135 GeV and the same values of tan /3. In 
the former case, it would be possible to see also the second peak, corresponding to the H 
boson signal with a luminosity of 100 fb“^ but, again, the h and A peaks cannot be resolved. 
In the latter case, all three h, A and H bosons have comparable signal rates and the mass 
differences are large enough to hope isolating the three different peaks, although with some 
difficulty. Thus, in the intense-coupling regime, the detection of the individual Higgs boson 
peaks is very challenging at the LHC and dedicated studies are needed. 

Higgs detection summary in the tan/3 plane 

Combining the search in the various MSSM Higgs detection channels, the coverage in the 
M^-tan/3 parameter space is summarized in Fig. 3.44 for the Tevatron and in Fig. 3.45 
for the LHC, in the maximal mixing scenario where At = ffQ TeV and Ms = 1 TeV. At 
the Tevatron, shown are the 95% CL exclusion plane from the absence of any Higgs signal 
and the 5a range for the discovery of one Higgs particle when the statistics of both CDF 
and D0 are combined. The analysis is based on an average of the expected CDF and D0 
performances improved by neural network techniques. The assumed integrated luminosities 
are indicated in the figure and, for the color coding, as £ increases, the corresponding 
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Figure 3-43: The /i^/i pair invariant mass distributions for the signal before and after detec¬ 
tor resolution smearing (left) and for the signal and the background (right); from Ref. [IfS]. 


shaded areas successively cover the plane; the darker shading of a given color corresponds to 
a degradation in the coverage of the plane due to the experimental uncertainties in 6-tagging 
efficiency, background, mass resolution and other effects. 
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Figure 3.44' Regions of the Ma- tan/3 parameter space corresponding to the discovery a Higgs 
boson at the 5a level (left) and the exclusion of a Higgs signal at 95% CL (right) for various 
values of the integrated luminosity; from the simulation of Ref. [325]. 


As can be seen, in the maximal mixing scenario, there is a signihcant region of the 
parameter space where a Higgs signal can be observed for a luminosity of 20 fb“^, or excluded 
at the 95% CL with a luminoisty of 5 fb“^ [in the no-mixing scenario the coverage is of course 
larger, but most of the plane is, however, already ruled out by LEP2 searches]. There are, 
nevertheless, still regions with low Ma values which cannot be accessed. In fact, the worst 


211 













































scenario at the Tevatron is the vanishing-coupling regime where ghbb "C 1, since the analysis 
mostly relies on the h ^ bb decays. Other problematic regions are the intermediate-coupling 
regime where ghvv is suppressed and gmb, 9Abb not strong enough and also the decoupling 
regime but where the value of tan (3 is not too large to make that the and A are not 
degenerate in mass as to contribute to the same signal peak. 

At the LHC, many channels allow to discover an MSSM Higgs boson as shown in the left- 
hand side of Fig. 3.45 where the result of an ATLAS simulation with 300 fb“^ of luminosity 
is displayed. Most of the Af^-tan (3 parameter space is covered by the search for the lighter 
h boson in 77 , 'j'ji and tih —> tibb events or from the search of the H/A and bosons 
in respectively, pp — bb + H/A with H/A —>■ rr —> jjX and gb —> tH^ with H^ —> tu. 
The channels with vector boson fusion have not been included, although they also lead to 
visible signals. As can be seen, the whole MSSM parameter range can be covered at the 
LHC. Even the intermediate-coupling regime with tan /3 < 3 can be probed for the heavier 
Higgs particles and the interesting decays H —hh, A —hZ and H/A —> ti can be observed 
as shown in the lower part of the hgure. 

Nevertheless, in large parts of the parameter space, only one Higgs boson which corre¬ 
sponds in general if not always to the lighter h, can be observed. As shown in the right-hand 
side of Fig. 3.45, where the regions in which the number of accessible Higgs particles in AT¬ 
LAS is delineated for 300 fb“^ of luminosity, for ^ 200 GeV and not too large values of 
tan (3, only the h boson is accessible [note, again, that vector boson fusion processes have not 
been used here]. In fact, it is even the case in a “hole” in the plane, namely for M 4 ~ 150 
GeV and tan/3 ~ 5. Thus, there is a relatively high probability that at the LHC, only one 
Higgs particle is observed with SM-like properties but with a mass below ~ 140 GeV. 

3.3.3 Higgs parameter measurements at the LHC 
Measurements for a SM—like h boson 

In the decoupling regime when the pseudoscalar Higgs boson is very heavy, only the lighter 
MSSM boson with SM-like properties will be accessible. In this case, the measurements 
which can be performed for the SM Higgs boson with Mh^m ~ 140 GeV and that we discussed 
in some detail in §1.3.7.4 will also be possible. The h mass can be measured with a very good 
accuracy, AMh/Mh ~ 0 . 1 %, in the h —»■ 77 decay which incidentally, verihes the spin-zero 
nature of the particle. However, the total decay width is very small and it cannot be resolved 
experimentally. The parity quantum numbers will be very challenging to probe, in particular 
since the h —>■ ZZ* —>■ 4£^ decay in which some correlations between the hnal state leptons 
can characterize a = 0'''+ particle, might be very rare. This will be also the case of the 
trilinear Higgs-self coupling which needs extremely high luminosities. 
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Figure 3-45: The eoverage of the MA-tan/3 parameter space using various Higgs production 
channels in ATLAS with a luminosity of 300 fb~^ (l^ft) and the number of MSSM Higgs 
bosons that can be observed in ATLAS with a luminosity of 300 fb~^ (right) [327], 

Nevertheless, combinations of Higgs production cross sections and decay branching ratios 
can be measured with a relatively good accuracy [440] as summarized in §1.3.7.4. The 
Higgs couplings to fermions and gauge bosons can be then determined from a £t to all 
available data. However, while in the SM one could make reasonable theoretical assumptions 
to improve the accuracy of the measurements, in the MSSM the situation is made more 
complicated by several features, such as the possibility of invisible decay modes, the radiative 
corrections in the Higgs sector which can be different for 6, r and W/Z couplings, etc... 

In some cases, the distinction between a SM and an MSSM Higgs particle can be achieved. 
The extent to which this discrimination can be performed has been discussed in Ref. [441] 
for instance, where a analysis of the deviation of the Higgs couplings expected for a given 
MSSM scenario, compared to the SM case, has been made. The contours in the M^-tan/? 
plane where the two scenarios are different with a 3cr and 5cr signihcance is shown in Fig. 3.46 
for three possible luminosities; in the areas at the left of the contours, the SM scenario can 
be ruled out. With 300 fb“^ data, on can distinguish an MSSM from a SM Higgs particle 
at the 3cr level for pseudoscalar Higgs masses up to Ma =300-400 GeV. 


Measurements for decoupled heavier Higgs bosons 

The heavier Higgs particles H, A and H^ are accessible mainly in, respectively, the gg —> 
bb + H/A and gb —> H^t production channels for large tan (3 values. The main decays of the 
particles being H/A^bb, and H^ —> tb, the Higgs masses cannot be determined 
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Figure 3.46: Fit within the MSSM scenario in the plane for three luminosity 

scenarios at the LHC. The left-hand parts of the curves show the regions where a > 5a (left 
panel) and > 3a (right panel) discrepancy from the SM case can he observed. The mostly- 
horizontal dotted lines are contours of in steps of 5 GeV; from Ref. [44^]- 


with a very good accuracy as a result of the poor resolution. However, for < 300 GeV 
and with high luminosities, the H/A masses can be measured with a reasonable accuracy 
by considering the decays H/A^ for which the mass resolution is about AM$ = 2%. 

This resolution is nevertheless not sufficient to distriminate between the particles since in 
general, the mass difference Mh — Ma is much smaller. The situation is made more com¬ 
plicated by the large total decay widths of the particles which, again, cannot be directly 
measured with a very good accuracy. The spin-parity quantum numbers of the Higgs par¬ 
ticles cannot be probed in these fermionic decays, too. The r polarization, which helps in 
discriminating the signals from the backgrounds, cannot be exploited in the complicated 
hadronic environment of the LHC to disentangle between the H and A bosons for instance. 

There is, however, one very important measurement which can be performed in these 
channels. As the production cross sections above are all proportional to tan^/3 and, since 
the ratios of the most important decays fractions are practically independent of tan/? for 
large enough values [when higher-order effects are ignored], one has an almost direct access to 
this parameter. In Ref. [442], a detailed simulation of the two production channels gb H~t 
and qq/gg H/A + bb at CMS has been performed. In the latter process, all hnal states 
in r decays, f]j + V, have been considered. The result for the accuracy of the tan/? 
measurement when these three channels are combined is shown in Fig. 3.47 for three values 
tan/? = 20,30,40 at a luminosity of 30 fb“^. In the three lower curves, only the statistical 
errors have been taken into account and, as can be seen, one can make a rather precise 
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measurement, Atan/3/tan/3 < 10% for Ma ^ 400 GeV. 



Figure 3.J^1: The uncertainty in the measurement o/tan/3 in the channel gg —> H/A + bb 
with the combined H/A —*■ rr decays at CMS with 30 fb~^ data. The three lower curves show 
the uncertainty when only statistical errors are taken into account, while the upper curves 
include the uncertainties from the mass (a few %) and luminosity (5%) measurements and 
the theoretical uncertainty (23%); from Ref. [4-42]. 

However, besides the statistical uncertainties of the event rates, there are systematical 
errors from e.g. the luminosity measurement [443] as well as theoretical errors due to the 
uncertainties on the PDFs [444] and from higher-order effects in the production cross sections 
[367]. In particular, since the latter are also proportional to ml and because the bottom 
quark mass receives radiative corrections that are themselves proportional to tan/3, the 
interpretation of the measurement is rather ambiguous. A possible approach that has been 
adopted in Ref. [442], is to dehne an effective tan/3 parameter in which these higher-order 
corrections are mapped, leaving aside the theoretical interpretation of the measurement. The 
remaining theoretical error is estimated to be ~ 20% for the production cross section and 
~ 3% for the decay branching ratio. In the upper curves of the hgure, the effect of including 
some of these systematical error is displayed. The accuracy of the measurement worsens 
then to the level of ~ 30% for Ma ~ 400 GeV and tan/3 = 20 with 30 fb“^ data. 

Measurements in the other regimes 

In the anti-decoupling regime, it is the heavier GP-even H boson which is SM-like and 
for which the previously discussed measurements for a SM Higgs particle apply. In this 
case, the h boson is degenerate in mass with the pseudoscalar Higgs boson and both can be 
detected in the decays h/A for large enough values of tan/3 and Ma ^ 110 GeV. 
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In the intense-coupling regime, as discussed earlier, the three Higgs bosons will be difficult 
to disentangle and the situation will be somewhat confusing. In the intermediate-coupling 
regime, there will be a hope to measure the trilinear Hhh coupling and to have a direct 
access to part of the scalar potential which breaks the electroweak symmetry. 

3.4 The MSSM Higgs bosons in the SUSY regime 

In this section, we discuss the effects of light SUSY particles on the production and the 
detection of the MSSM Higgs bosons. We hrst analyze the loop effects of these particles and 
then their direct effects in Higgs production in association with squarks, Higgs decays into 
SUSY particles and Higgs production from cascade decays of heavier sparticles. 

3.4.1 Loop effects of SUSY particles 

As already discussed, the Higgs-gluon-gluon vertex in the MSSM is mediated not only by 
heavy top and bottom quark loops but, also, by loops involving squarks in the CP-even 
Higgs case. If the top and bottom squarks are relatively light, the cross section for the 
dominant production mechanism of the lighter h boson in the decoupling regime, gg —> h, 
can be signihcantly altered by their contributions, similarly to the gluonic decay h ^ gg that 
we have discussed in §2.2.2. In addition, in the h —>■ 77 decay which is considered as one 
of the most promising detection channels, the same stop and sbottom loops together with 
chargino loops, will affect the branching rate as also discussed in § 2 . 2 . 2 . One can conclude 
from these discussions that the cross section times branching ratio u{gg —>■ h) x BR(h —>■ 77 ) 
for the lighter h boson at the LHC, Fig. 3.48, can be very different from the SM, even in the 
decoupling limit in which the h boson is supposed to be SM-like [239]. 
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Figure 8 . 48 : Loop contributions to the gg ^ h cross section times h —»■ 77 branching ratio. 

This is shown in Fig. 3.49 where we have simply adopted the scenarios of Figs. 2.29 
and 2.31 for BR(h —> gg) and BR(h —> 77 ), respectively, and multiplied the two rates. In 
the left-hand side, we show the gg cross section times the 77 branching ratio including the 
contribution of top squarks, relative to its SM value. As expected, while the effects are 
small for small Xt = At — fi cot jS mixing and large stop masses, they can be extremely large 
for uit.^ ~ 200 GeV and large At values. In this case, the loop suppression is not effective 
and the stop coupling to the h boson, gf^tj^ii ^ is strongly enhanced. Since here, the 
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ti loop contribution interferes destructively with that of the top-quark loop, it leads to an 
enhancement of BR(/i —»■ 77) and a reduction of (T{gg —*■ h). However, the reduction of the 
latter is much stronger than the enhancement of the former and the product (T{gg —>■ 77) 
decreases with increasing Xf. For Xt values of about 1.5 TeV, the signal for gg ^ h ^ 'y'j 
in the MSSM is smaller by a factor of ~ 5 compared to the SM in such a scenario. 



Figure 3.4-9: The gg-fusion cross section times the photonic branching ratio for the produc¬ 
tion of the h boson in the MSSM relative to its SM value, a{gg —> h —> '^'^)\mssm/sm in 
scenarios where relatively light top and bottom squarks as well as charginos contribute. 

In the no mixing case, ~ ~ 0 case, the stop contribution interferes constructively 

with the one of the top quark, but since the coupling ghiih is smaller, the cross section 
(^{99 — h — > 77) increases only moderately, up to ~ 20% in the light stop case. The 
deviations become of course smaller for increasing stop mass and, also, for moderate mixing 
Xt ~ 0.5 TeV where the two components of the 9hith couplings, eq. (jl.l00|l . almost cancel 
each other. In the right-hand side of Fig. 3.49, we also show the effect of a light sbottom with 
= 200 GeV and large tan /3 and fv values on the gg ^ h ^ 'j'j cross section, following the 
scenarios already presented when we discussed the decays h ^ gg and h —>• 77. Here, again, 
the effects can be drastic leading to a strong suppression of the cross section a{gg —> h —»■ 77) 
compared to the SM case. An experimental (CMS) analysis of this situation has recently 
appeared [413] and higher luminosities are needed to overcome the suppression. 

We note that in the cross sections times branching ratios for the other decay modes of 
the lighter h boson when produced in the gluon-gluon fusion mechanism, such as the process 
gg ^ h —>■ WW*, the deviations due to stop and sbottom loops compared to the SM case 
are simply the ones shown in Fig. 2.29 for the decay rate F(h —> gg), as a result of the 
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proportionality of the Higgs gluonic decay width and the gg ^ h production cross section. 
In this case, the rates can be even smaller in some cases since they do not gain from the 
possible enhancement of the h —> 77 amplitude. 

Finally, let us discuss the SUSY QCD corrections to this process. In the MSSM, in 
addition to the standard QCD corrections to the quarks loops, one needs to evaluate the QCD 
corrections to the squark loops for the CP-even Higgs bosons. In this case, since squarks are 
expected to be rather massive, the heavy loop mass expansion can be used for < 2 mQ 
[in the opposite case, M-j-i > 2mQ the decay of the Higgs boson into squarks will occur and 
would be dominating if squarks have any impact in the loop]. These corrections [246-248] 
are the same as those discussed in §2.2.2 when we analyzed the Higgs decays into gluons. 
The only difference is in the overall normalization since the QCD corrections to the quark 
loops are different in the production and decay processes and, in the former case, one has to 
include the contributions of qq and qg initial states. Again, this part of the NLO calculation 
has been discussed in the SM case and reanalyzed in the MSSM in §3.1.2. 

The impact of these SUSY QCD corrections is illustrated in Fig. 3.50 where we show the 
A-factors for the production of the lighter h boson in gg —>■ h at LHC energies. We have 
again adopted the same two scenarios of Fig. 2.30 of §2.2.2 for the gluonic decay width, that 
is, the SpSla scenario with a varying gaugino mass mi /2 and the scenario in which the ti 
state is rather light and its contribution almost cancels the top quark contribution, resulting 
in a nearly vanishing rate. In both cases, the mass of the pseudoscalar Higgs boson is large 
so that we are in the decoupling limit where the h boson has SM couplings to top quarks 
[and, thus, one can also include the NNLO corrections] and the 6 -quark loop contribution 
can be neglected. As can be seen, the SUSY corrections are small and negative, except in 
the “gluophobic” Higgs case where the resulting total rate production is nevertheless small. 

3.4.2 Associated Higgs production with squarks 

If one of the top squarks is light and its coupling to the h boson is enhanced, an additional 
process might provide a new source for Higgs particles in the MSSM: the associated produc¬ 
tion with t states [445-447]. Since the associated production of the heavier H and A bosons 
with stop pairs is, together with h production with heavier stops, phase space suppressed, 
while the associated production with bottom squarks leads to smaller cross sections in gen¬ 
eral [448] we will, in the following, consider only the associated production of the h boson 
with a pair of lightest top squarks at the LHC: 

pp ^ gg,qq ^ iiiih (3.36) 

At lowest order, i.e. at 0{G^al), the process is initiated by diagrams that are similar to the 
ones which occur in the pp —>■ tih process. Fig. 3.51, with additional diagrams provided by 
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(for the quark contribution, solid lines) in the case where the squark loop contributions are 
included (thick lines) or excluded (thin lines). They are as a function of mi /2 in the SPSla 
mSUGRA scenario with tuq = Aq = 100 GeV, tan/3 = 10 and /i > 0 (left) and as a function 
of (2 in a “gluophobic” Higgs scenario where = 200 GeV and 9t = from Ref. [248]. 

the quartic ggtt interaction. Due to the larger gluon flux at the LHC, the contribution of 
the ^f^f-fusion diagrams is much larger than the one of the qq annihilation diagrams. 



Figure 3.51: Generic Feynman diagrams for the associated Higgs production with squarks in 
hadronic collisions, pp —> qq,gg QQh. 

Except for the overall strength and the impact of phase space, the main features of the 
production cross sections follow, in fact, those discussed in the case of the loop contributions 
of the top squarks to the hgg vertex amplitude. In the right-hand side of Fig. 3.52, the 
pp —>• iiiih production cross section is displayed as a function of mi^ for tan/3 = 2 or 30, in 
the case of no stop mixing [At = 200GeH, p. = 400 GeV], moderate mixing [At = 500 GeV 
and /i = 100 GeV] and large mixing [At = 1.5 TeV and p = 100 GeV]. We have, in addition, 
used the usual simplifying assumption = Ms. 

In the no-mixing case, ti and t 2 have the same mass and approximately the same cou¬ 
plings to the h boson since the components are dominant, eq. (j1 .1 OOjl . The cross 

section, which should be then multiplied by a factor of two to take into account both squarks. 
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Figure 3.52: The production cross section for the process a{pp —> iiiih) [in pb] at the LHC 
as a function ofm^^ and three sets of At values (left) and as a function of At for two values 
of the stop mass mi^ = 165 and 250 GeV. The CTEQ4 parton densities have been used and 
mt = 175 GeV; adapted from Ref. [445]. 

is comparable to a{pp tih) in the low stop mass range, < 200 GeV. For intermediate 
values of At, the two components of the hiiii coupling interfere destructively and partly 
cancel each other resulting in a rather small cross section, unless ~ 0(100) GeV. In the 
strong mixing case At ~ 1.5 TeV, u{pp tRih) can be very large: it is above the rate for 
the standard process pp —> ith for values of mi^ smaller than ~ 200 GeV. If ti is lighter than 
the top quark, the iiiih cross section signihcantly exceeds the one for tih hnal states. For 
instance, for = 140 GeV [which, nevertheless, could lead to a too light h boson, Mh ^ 90 
GeV], a{pp —>• iiiih) is an order of magnitude larger than a{pp tih). The same features 
can be seen in the right-hand side of the hgure, where we £x the stop mas to mq = 165 
GeV and 250 GeV and display the pp —>■ tRih cross section as a function of At. 

In the interesting region where a{pp —>■ tRih) is large, i.e. for light stop eigenstates, 
ii — bx'^ is the dominant decay mode of the top squark and Xi mainly decay into 
bW~^ plus missing energy leading to ti —> bW~^ hnal states. This is the same topology as 
the decay t bW~^ except that, in the case of the t, there is a large amount of missing 
energy. The only difference between the hnal states generated by the tth and tih processes 
will be due to the softer energy spectrum of the charged leptons coming from the chargino 
decay in the former case, because of the energy carried by the invisible LSP. The Higgs 
boson can be tagged through its h —> 77 decay mode. As discussed previously, this mode 
can be substantially enhanced compared to the SM case for light top squarks and large At 
values. Therefore, 77 + charged lepton events can be more copious than in the SM and the 
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contributions of the pp —iih process to these events can render the detection of the h boson 
easier than with the process pp —> tih alone. For the other possible decays of ti, that is, 
decays into cXi or three or four-body body into ii bxiff states [449], the situation might 
be more complicated. Dedicated analyses need to be performed to assess to which extent 
the lighter MSSM Higgs boson is observable in this channel. 

3.4.3 Higgs decays into SUSY particles 

A feature which might drastically affect the phenomenology of the MSSM Higgs bosons at 
the LHC is the possibility of decays into SUSY particles if they are light enough. The rates 
for these decays in various situations have been discussed in §2.2.3. Here, we summarize the 
main consequences of these decays and briefly comment on two possibilities: the invisible 
Higgs decays of a SM-like Higgs boson and the decays of the heavier neutral H/A bosons 
into neutralinos which lead to multi-lepton hnal states. 

Invisible Higgs boson decays 

We have seen in §2.2.3 that invisible decays of the lighter MSSM Higgs boson, h —*■ XiXi^ 
are still possible for small values of M 2 and p and, even more, when the gaugino mass 
universality, which leads to the relation M 2 ~ 2Mi, is relaxed allowing for small Mi values 
and, hence, lighter LSPs, without being in conflict with the experimental limits on the 
chargino mass. However, because the couplings are in general small, the branchings 

ratios are sizable only in rather special situations. For the heavier H and A bosons, the 
invisible decays are important only for low Mh,a and tan (3 values when the standard decay 
modes are not too enhanced and when the other ino decays are not yet kinematically open. 
One should, therefore, not expect in general fully invisible Higgs decays in the MSSM. 

A possible channel in the search of an invisible CP-even 7Y boson at the LHC is the 
associated production with a gauge boson, qq HV, with V = W, Z decaying leptonically 
[240,450-452]. The signature is then a high p^ lepton and a large amount of in TiW 
production and two hard leptons peaking at Mz and large in ZTi production. The 
backgrounds to these processes, mainly due to VV, Vjj and ti, are very large. Parton level 
analyses [240,451] have shown that a Higgs boson Ti coupling with full strength to the gauge 
bosons, g-Hvv = 1) and decaying invisibly with 100% probability can be detected in these 
channels with a signihcance that slightly exceeds 5cr if a high luminosity is collected and 
if Mt-i < 150 GeV. The mass reach can be extended to M-^ ~ 250 GeV using the process 
pp —>■ tiTi [453], if the same conditions are met. However, recent realistic simulations [454] 
show that these conclusions were too optimistic. 

Another possibility for searching for invisible MSSM Higgs boson decays is the vector 
boson fusion production channel, qq —> Tiqq —> qq+l^r [455]; see also the recent analysis of 
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Ref. [452]. Again, in a parton level analysis, it has been shown in Ref. [455] that only 10 
fb“^ data are needed for a 5a observation of a Higgs boson with a SM TiVV coupling and 
decaying 100% of the time invisibly, for masses up to ~ 500 GeV. Recently, two fast 
simulations have been performed for this channel by ATLAS and CMS [454], taking into 
account the various backgrounds [the important most one, Vjj, can be estimated from data] 
as well as trigger and detector efficiencies. 

The output is that a SM-like Higgs boson with a mass up to ~ 250 GeV and an 
invisible decay branching ratio of ~ 50% can be probed at the 95% CL with a luminosity of 
10 fb“^ only. This is shown in the left-hand side of Fig. 3.53 where the sensitivity parameter 

= BR(7-f —inv) x g^yy is plotted against Mn- In the MSSM, the previous conclusion 
thus holds for the h (H) boson in the (anti-)decoupling limit only. In this case, the region 
of parameter space in the M 2 -/i plane in which invisible h decays with Mh ~ 120 GeV can 
be probed, is shown in the right-hand side of Fig. 3.53 for tan/? = 5 and Mi = O. 2 M 2 . In 
the region above the line for the ATLAS sensitivity, the invisible branching ratio is too small 
and the h boson can be detected in other decay channels. 



Figure 3.53: The sensitivity to the invisible deeay signal of a CP-even MSSM Higgs boson 
at the 95% CL at the LHC as a function of the Higgs mass for £ = 10 fb~^ in an ATLAS 
simulation with = BR{Ti —>■ inv.) x g'^yy (left) and the branching ratio for the invisible 
decay in the M 2 -/i plane in the case where gaugino mass universality is relaxed, with the line 
indicating the ATLAS sensitivity limit; from Ref. [fSf]. 
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Heavier Higgs decays into inos 


The decays of the H, A and bosons into heavier charginos and neutralinos, when they 
occur, have in general much larger rates than the invisible decays and can even dominate 
over the SM modes in some favorable situations; see Figs. 2.32-33. These decays, although 
theoretically discussed since a long time [456], have been considered for some time as being 
devastating for the MSSM Higgs boson searches at hadron colliders, the main problem being 
the huge background generated by SUSY itself. However, there are favorable regions of the 
parameter space where the signals are clean enough to be detected at the LHC. One of the 
possibilities is that the heavier neutral Higgs bosons decay into pairs of the second lightest 
neutralinos, H/A —>■ X 2 X 2 ; with the subsequent decays of the latter into the LSP and leptons, 
X 2 with through the exchange of relatively light sleptons. This 

leads to four charged leptons and missing energy in the hnal state. If the H/A bosons are 
produced in the gg-insion processes, there will be little hadronic activity and the hnal 
state is clean enough to be detected. 

A simulation for this processes has been made in Ref. [457], taking into account the 
performance of the CMS detector and the various SM and SUSY backgrounds. The latter is 
largely dominating but with suitable cuts it can be reduced to the level where a convincing 
signal is standing above it in favorable regions of the MSSM parameter space. This is 
exemplihed in the left-hand side of Fig. 3.54 where the invariant mass spectrum is 
shown for Ma = 350 GeV, tan/3 = 5 and the SUSY parameters set to M 2 = 2Mi = 120 
GeV, /i = —500 GeV, = \mq = 250 GeV, which leads to relatively light X 2 neutralino 
states and not too heavy sleptons. 

In fact, because BR{H/A —> X 2 X 2 ) 4^^ is large, the observation of the signal can be 

extended to larger tan /3 and Ma values and even to higher M 2 values which lead to heavier 
neutralinos. This is shown in the right-hand side of Fig. 3.54 where the discovery reach 
at the LHC in the MA-tan/3 plane is displayed. With high luminosities, a sizable portion 
of the plane is covered and, interestingly enough, this range includes the wedge M 4 ~ 150 
GeV and tan /3 ~ 5 where the H, A bosons are very difficult to detect through the standard 
processes, while the h boson is almost SM-like. Thus, SUSY decays of Higgs bosons could 
not only be an additional means to detect the MSSM Higgs particles but they can allow for 
their discovery in areas where the standard searches are inefficient. 

A more complete study of the 4£ channel for other combinations of H/A —> XiXj final 
states, including the possibility of light sleptons in which the Higgs bosons can also decay, 
has appeared recently [458]. Note, however, that too optimistic conclusions that could be 
drawn from the previous discussion should be tempered: in other [larger] portions of the 
MSSM parameter space, small values lead to rather light r sleptons [in particular at high 
tan/3] implying that r hnal states are dominant in chargino and neutralino decays [92,459] 
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Figure 3.54: The invariant 4^^ mass spectrum for A/H —> X 2 X 2 ^ decays and 

the total SM and SUSY backgrounds (left) and the expected discovery reach for H/A bosons 
through this decay in the M^-tan/? plane for L =30 and 100 fb~^ (right). The plots result 
from a CMS simulation performed in Ref. [457]. 

and they are more difficult to detect. In addition, the decays into third generation squarks, 
which tend to dominate over all other decays when kinematically accessible, are far more 
difficult to observe. Thus, SUSY decays are still a potentially dangerous situation in the 
MSSM and more studies are needed in this area. 


3.4.4 Higgs production from cascades of SUSY particles 

A potential source of MSSM Higgs bosons at the LHC is the cascade decays of squarks 
and gluinos [278,460-462] which are copiously produced in hadronic collisions via strong 
interactions. These particles could then decay into the heavy inos xt Xs 4 and, if enough 
phase space is available, the latter decay into the lighter ones xf and Xi 2 and Higgs bosons 


pp 99, qq, qq , qq 


xf,xl2 +h,H, A,+X 


(3.37) 


Another possibility is the direct decay of squarks and gluinos into the lightest charginos Xi 
and the next-to-lightest neutralinos X 2 which then decay into the LSP and Higgs bosons 


PP 99, qq, qq , qq 


xf,xl + X 

xl + h,H,A,H^ +X 


(3.38) 
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In Ref. [462], the decay chain in eq. ()d.d7j) was dubbed the “big cascade” and the one in 
eq. the “little cascade” [462], Generic Feynman diagrams for these two cascades, 

starting with either a gluino or a squark, are shown in Fig. 3.55. 

Other possibilities for Higgs production in SUSY processes are the direct decays of heavier 
top and bottom squarks into the lighter ones and Higgs bosons, if large enough squark mass 
splitting is available [278,462], pp —> £ 2 ^ 2 ; ^ 2^2 with ^ 2 (^ 2 ) —U(^i) + h/H/A or 61 (U) + 
as well as top quarks originating from SUSY particle cascades decaying into bosons, 
VV 99y 99: 99*: 99 i/i + Y —> + X. These sfermionic decays have been discussed 

in §2.3 where the various partial widths have been given. No realistic simulation has been 
performed for these channels and we will not discuss them further here. 




Figure 3.55: Generic Feynman diagrams for MSSM Higgs production through sguark decays 
in the chargino/neutralino “big cascade” (a) and gluino decays in the “little cascade” (b). 

These SUSY cascade decays are interesting for at least two reasons, besides the fact 
that they provide a new source of MSSM Higgs bosons which must be considered any¬ 
way: i) the couplings involved in the cascades are important ingredients of the weak scale 
SUSY Lagrangian and their measurement would provide essential informations on EWSB 
in the MSSM; and ii) since the ino couplings to Higgs bosons do not depend strongly on 
tan/3, they could allow for the detection of the heavier i7, A and in the hole region 130 
GeV < Ma ^ 250 GeV and tan /3 ~ 5-10 in much the same was as Higgs boson decays into 
inos. The little cascades have been discussed some time ago [460,461] for h and relatively 
light A, H and bosons and recently reanalyzed in a somewhat broader perspective, with 
the big cascades included [462]. We briefly summarize this study below. 

The rates for MSSM Higgs production in squark and gluino cascades depends on sev¬ 
eral ingredients: the relative mass between squarks and gluinos and the mixing in the 
stop/sbottom sectors which determine the starting point of the cascade and the amount 
of heavy inos from the two-body decays of squarks and the three-body decays of gluinos, 
the parameters in the gaugino sector which control the mass splitting between the inos and 
their couplings to Higgs and gauge bosons, and the parameters in the Higgs sector which give 
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the Higgs masses and couplings. A full analysis in the pMSSM is therefore very involved. 
Two scenarios allow however to highlight the main features: 

- Sc2: M 2 = 2Mi = 300 GeV, /r = 450 GeV, rrig = 900 GeV and rriq = 1080 GeV ~ 

- Sc3: M 2 = 2Mi = 350 GeV, /i = 150 GeV, rrig = 1200 GeV and uig = 800 GeV ~ 

In Sc2 (Sc3), the squarks are heavier (lighter) than gluinos while the heavier inos have 
dominant higgsino (gaugino) components, implying gaugino (higgsino) like light charginos 
and neutralinos. The variation of the cross sections times branching ratios to obtain at 
least one neutral or charged Higgs boson in the final state from the big or little cascades, or 
from both, is shown in Fig. 3.56 as a function of fi for Sc2 and of M 2 for Sc3 for the choice 
Ma = 130 GeV and tan/3 = 10. As one can see, in both scenarios the cross sections times 
branching ratios for the four Higgs bosons can be rather large, exceeding the level of 0.1 pb 
in large areas of the parameter space and, even, reaching the picobarn level in some cases. 
These conclusions hold in, fact, even for larger pseudoscalar Higgs mass values, Ma ~ 200 
GeV, and for different tan/3 values, tan/3 < 20. 




Figure 3.56: The cross sections times branching ratios for the production of at least one 
neutral or one charged MSSM Higgs boson in cascades of sguarks and gluinos in the two 
scenarios Sc2 (left) and Sc3 (right) discussed in the text for the values Ma = 130 GeV and 
tan/3 = 10; from Ref. [462]. 

A Monte-Garlo study that takes into account the various signals as well as the SM and 
SUSY backgrounds at the LHG, using ISA JET [463], and includes a fast simulation of some 
important aspects of the response of the GMS detector [464] has been performed. For neutral 
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Higgs bosons decaying into bb pairs, the SM and the more important SUSY backgrounds 
can be efficiently suppressed by rather simple selection criteria. In the two scenarios above, 
but with slightly different inputs in the Higgs sector, = 150 GeV and tan (3 = 5 [which 
leads to smaller cross sections than in Fig. 3.56], it has been shown that the neutral Higgs 
bosons are visible after a few years of low luminosity running at the LHC. This is shown in 
Fig. 3.57 where the bb invariant mass spectrum is displayed. One can see that in Sc2, a large 
signal peak is visible, corresponding to the h boson that is abundantly produced in the little 
cascades, and a smaller and broader peak can be observed, signaling the presence of A and 
H bosons coming from the big cascades. The latter peaks are more clearly visible in Sc3. 



bb invariant mass (GeV) 



50 100 150 200 250 300 350 400 

bb invariant mass (GeV) 


Figure 3.51: Distribution of the bb invariant mass for the SUSY signal events on top of the 
SUSY eascade (red) and SM (green) backgrounds assuming scenarios Sc2 and Sc3 discussed 
in the text for Ma = 150 GeV and tan/3 = 5 and with 30 fb~^ integrated luminosity, as a 
result of a simulation performed in Ref. [462]. 

The evidence in the case, where the decay H~ —> tu has also been studied, is less 
convincing as the mass peak cannot be reconstructed. But with the use of r-polarization 
and with the help of the MSSM relation between and Ma, one could attribute the 

observed excess in r-jet events, if it is large enough, to the production of charged Higgs 
particles in these cascades. 

This analysis of the Higgs bosons produced in SUSY cascades shows that the search 
in this alternative mechanism looks very promising and could be complementary to the 
standard searches. This is exemplified in Fig. 3.58, which shows the usual M^-tan/3 plane 
with the contours for which the MSSM Higgs particles can be observed in various search 
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channels and where we have added the region Ma ^ 200 GeV in which the neutral Higgs 
bosons can be detected in the scenario Sc3. This area also includes the wedge region at low 
Ma and moderate tan/? values where only the h boson can be observed at the LHC. Similar 
contours can be drawn for other cases and more studies are, however, needed to cover the 
many possible scenarios. We stress, again, that these cascade processes are important not 
only because they represent a new source of Higgs bosons but, also, because they will be very 
useful to measure the sparticle-Higgs couplings which are essential ingredients to reconstruct 
the SUSY Lagrangian. More detailed studies, some of which have already started [465], are 
therefore needed in this context. 



Figure 3.58: The areas in the M^-tan/? parameter spaee where the MSSM Higgs bosons can 
be discovered at CMS in the scenario Sc3 described in the text with an integrated luminosity 
of 100 fb~^. Various detection channels are shown in the case of the standard searches for 
the maximal stop mixing scenario. The right-hatched and cross-hatched regions show the 
areas where only the lightest h boson can be observed in these production channels. The 
left-hatched area is the region where the heavier CP-even H and pseudoscalar A bosons can 
be observed through the (big) cascade decays of sguarks and gluinos in the scenario Sc3 with 
M 2 = 350 CeV. From Ref. [462]. 
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4 MSSM Higgs production at lepton colliders 


At e^e~ colliders [466-473], the main production mechanisms for the CP-even neutral Higgs 
bosons of the MSSM are simply those of the SM Higgs boson: Higgs-strahlung [160-162] and 
WW fusion [162,317,474], The only difference is the range taken by the masses of the h and 
H particles and their couplings to the gauge bosons [250,475,476], Most of the analytical 
expressions presented for the SM Higgs boson in §4 of the hrst part of this review will thus 
hold and will not be repeated here. There is, however, an additional channel which is very 
important in the MSSM context: the associated production of the CP-even Higgs particles 
h and H with the pseudoscalar Higgs boson A [163,164], This channel has been already 
encountered when we discussed the limits from the neutral MSSM Higgs boson searches at 
LEP2, §1,4,2, For the charged Higgs particles, the two main production mechanisms, direct 
pair production in collisions [163,173] and production from top quark decays [178] have 
been also briefly discussed when we summarized the experimental constraints on the charged 
Higgs mass in §1,4,2, 

These main production channels for the neutral and charged Higgs bosons will be dis¬ 
cussed in detail in respectively, §4,1 and §4,3, including the electroweak radiative corrections 
[not only those involved in the Higgs masses and couplings but also the direct corrections to 
the processes, which have been almost completed recently] and their experimental detection 
at colliders. The production cross sections will be updated and, for the numerical anal¬ 
yses, we will use the Fortran code HPROD [477], To incorporate the radiative corrections in 
the MSSM Higgs sector we will use, as usual, the benchmark scenario of the Appendix for 
illustration with the corrections implemented, again, in the RG improved effective potential 
approach using the routine SUBH [131], The direct radiative corrections to these processes 
have been evaluated in various approximations in Refs, [478-491], 

There also higher-order production processes for the neutral Higgs bosons, some of which 
are important when it comes to the study their fundamental properties: the ZZ fusion 
mechanism, the associated production with heavy fermions [492-494], the double Higgs- 
strahlung [144,495,496] as well as some other subleading mechanisms [229,485,486,497-499]; 
they will be discussed in §4,2, The higher-order processes for charged Higgs production [492, 
500-506] will be presented in §4,3,4, Finally, some production channels involving relatively 
light SUSY particles [446,507-510] will be analyzed in §4,4, 

At the end of this chapter, we will briefly discuss MSSM neutral Higgs production as 
s-channel resonances at 77 and colliders. Most of material needed for this purpose 

has been already presented in the relevant sections of the hrst part of this review, namely, 
§1,4,5 and §1,4,6, Here, we will simply summarize the additional information which can be 
obtained in these modes for the aspects of MSSM Higgs physics that cannot be probed in a 
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satisfactory way in the e'''e“ option of future linear colliders. Detailed reviews on the other 
physics potential of these two collider modes can be found in Refs. [511-514] and [515,516] 
for, respectively, the 77 and options. Finally, in the last section of this chapter, we will 
discuss the tests and consistency checks of the MSSM Higgs sector that one can achieve via 
the high-precision measurements which can be performed at lepton colliders in the various 
options. The complementarity of the searches and measurements at the lepton colliders with 
those which will be performed at the LHC will be summarized. Here, also, we will be rather 
brief as a very detailed review on the subject has appeared only recently [517]. 


4.1 Neutral Higgs production at e^e colliders 

4.1.1 The main production mechanisms 

The main production mechanisms of the MSSM neutral Higgs bosons at e’''e“ colliders are 
the Higgs-strahlung [158,160,161] and the pair production [163,164] processes [Fig. 4.1]: 

Higgs — strahlung : e“''e“ —> (Z*) —>Z + h/H (4.1) 

pair production : e’''e“ — (Z*)—>A + h/H (4.2) 

as well as the WW fusion processes for the CP-even Higgs bosons [474]: 

WW fusion process : e'''e“ —>• u V {W*W*) —>• u V + h/H (4.3) 


Because of CP-invariance, the CP-odd Higgs boson A cannot be produced in the strahlung 
and fusion processes at leading order, as has been noticed previously. 



Figure 4-i: The main channels for MSSM neutral Higgs production in e'^e collisions. 


Denoting as usual the CP-even Higgs particles hy Ti. = h, H, the cross sections for the 
four bremsstrahlung and pair production processes are given, in terms of the SM cross section 
for Higgs-strahlung cTsM(e’''e“ — HZ), the reduced couplings of the Higgs bosons to gauge 
bosons gnvvi and the phase-space factor which accounts for the correct suppression of the 
P-wave cross sections near the threshold for HA production, by [250,475,476] 


a(e+e- ^ ZH) 
a{e'^e~ —> AH) 


fi'ww‘^SM(6~*~e > HZ) 

fi'W^SM(e+e" ^ HZ) x 


^AH 


'^zni^'zn + 12M|/ s) 


(4.4) 
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The cross sections for the strahlung and pair prodnction processes, as well as the cross 
sections for the production of the light and the heavy CP-even Higgs bosons h and iP, 
are mutually complementary to each other coming either with a coefficient sin^(/3 — a) or 
a coefficient cos^(/3 — a) [88]. Since cTsM(e’''e~ —^ HZ) is large, at least one of the CP- 
even Higgs bosons should be detected. The cross sections are shown in Figs. 4.2 and 4.3 
as functions of the CP-even Higgs masses for the values tan jS = 3 and 30 at c.m. energies 
y/s = 500 GeV and 1 TeV, respectively. The usual maximal mixing scenario with Ms = 2 
TeV is adopted for the implementation of the radiative corrections in the MSSM Higgs sector. 

In the Higgs-strahlung processes, the production cross section for the h boson is large for 
small values of tan/3 and/or large values of Ma where sin^(/3 — a) approaches its maximal 
value. In these two cases, the cross sections are of the order of ~ 50 fb at ^/s = 500 GeV 
which, for an integrated luminosity of C = 500 fb“^, corresponds to ~ 25.000 events. In 
contrast, the cross section for the heavier H boson is large for large tan /3 and a light A boson, 
implying small Mu. As anticipated, for the associated production channels > Ah and 

AH, the situation is opposite to the previous case: the cross section for Ah is large for light 
A and/or large values of tan/3, whereas AH production is preferred in the complementary 
region. At i/s = 500 GeV, the sum of the two cross sections decreases from ~ 50 fb to ~ 10 
fb if Ma increases from ~ 90 to 200 GeV. 




Figure 4-2-' The production cross sections of the neutral h,H,A bosons in the main mech¬ 
anisms in e'^e~ collisions, Higgs-strahlung, associated pair production and WW fusion, as 
a function of the CP-even Higgs masses for the values tan/3 = 3 (left) and 30 (right). The 
c.m. energy is fixed to s/s = 500 GeV and the radiative corrections are implemented in the 
maximal mixing scenario Xt = \/6Ms with Ms = 2 TeV. The direct radiative corrections to 
the processes, ISR and beamstrahlung effects have not been included. 
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Figure 4-3: The same as Fig. 4-2 but for a c.m. energy of ^/s = 1 TeV. 

Note that for a fixed Higgs mass and far from the production threshold, the cross sections 
are smaller at higher energies in both the Higgs-strahlung and the associated pair production 
channels, as the two processes are mediated by s-channel Z boson exchange and the cross 
sections drop like 1/s. In fact, since < 140 GeV, the lighter h boson is accessible in these 
channels even for c.m. energies as low as a/s ~ 250 GeV. Because of this 1/s behavior of 
the cross sections, it is in general more appropriate to operate at low center of mass energies 
where the rates are larger [recall that the maximum cross section in the Higgs-strahlung 
process is obtained for a/s ~ \/2Mn + Mz] see §1.4.2.1]. 

At energies beyond LEP2, the WW fusion process which leads to associated Higgs bosons 
and vv pairs in the hnal state, provides an additional mechanism for the production of the 
GP-even neutral Higgs bosons. The cross sections can again be expressed in terms of the 
corresponding SM Higgs boson cross section [250,475] 

cr(e’''e“ —> W*W* Tivv) = crsM(e’'’e“ —»■ Tivv) (4.5) 

The cross sections are also shown in Figs. 4.2 and 4.3 for, respectively, a/s = 500 GeV and 
1 TeV and, as in the case of the Higgs-strahlung process, the production of the lighter h and 
the heavier FI bosons are complementary. As a result of the log(s/M^) enhancement of 
the fusion cross section for low Higgs masses, the production rate in the e’''e“ —> hvv process 
is always larger than the corresponding rate in Higgs-strahlung at c.m. energies higher than 
^/s > 400 GeV. For H boson production, this is in general also the case for ^/s = 500 GeV 
and when Mh is small enough to allow for large production rates. As discussed earlier, see 
§1.4.2.2, WW fusion and Higgs-strahlung followed by the decay Z ^ vv lead to the same 
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final state. However, the two processes can be disentangled by looking at the mass spectrnm 
of the vv pair which, in the latter case, should peak at Mz- 

In the decoupling limit, ^ M^, similarly to what has been discussed in several 

instances, only the h boson is accessible in Higgs-strahlung and vector boson fusion 

Ma S> Mz : e^e“ —> hZ and e’''e“ —hw (4.6) 

with cross sections that are very close to the SM-Higgs production cross section. The other 
processes are suppressed by the cos^(/3 —a) —>• 0 factor, leading to negligible rates. The only 
exception is the pair production of the heavier CP-even and CP-odd Higgs bosons 

Ma > Mz : e+e- HA if ^fs> Ma + Mh (4.7) 

which, being proportional to the factor sin^(/3 — «)—>!, is not suppressed and is thus 
accessible if the c.m. energy of the collider is high enough. As usual, in the anti-decoupling 
limit, Mh ~ M™®^, the role of the CP-even h and H bosons are reversed. 

4.1.2 Radiative corrections to the main channels 
Higgs-strahlung and associated production 

The one-loop radiative corrections to Higgs-strahlung and associated Higgs production have 
been first calculated in Refs. [479,480] and have been updated and completed more recently in 
Ref. [481]. The main component of these corrections is due to the Higgs boson propagators 
which, as discussed earlier, can be mapped in the RGE improved renormalization of the 
angle a which enters in the couplings of the MSSM Higgs bosons to the Z boson. This 
renormalization has been performed not only at 0{a), but at two-loop order in the strong 
and third generation Yukawa coupling constants as discussed in detail in §1.3. For a complete 
calculation, however, one has to consider in addition to the corrections to the CP-even and 
CP-odd Higgs boson propagators, where the momentum dependence should be included, 
the following set of corrections [see the generic Feynman diagrams shown in Fig. 4.4]. 



Figure 4 - 4 ' Generic Feynman diagrams for the 0{a) corrections to e'''e —HZ and HA. 
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i) One-loop corrections to the electron and Z boson self-energies, as well as the Zj 
mixing, and corrections to the initial Ze~^e~ vertex. These corrections are similar to those 
occnrring in the SM and are, typically, at the level of a few percent. The SUSY particle 
contributions are in general rather small in this context. 

ii) Corrections to the ZZTi and ZTiA hnal vertices. These are qualitatively the same as 
those which affect the ZZHsu vertex discussed in §1.2.4.2. They are also small in general 
but they can reach the level of 10% for very small or very large values of tan/3 when the 
Higgs Yukawa couplings to top or bottom quarks become very strong. 

Hi) Box diagrams and t-channel contributing diagrams, which depend strongly on the 
c.m. energy. They are rather small at LEP2 energies where they stay at the level of a few 
percent, but can be extremely large at higher c.m. energies, reaching the level of several 
10% at y/s = 1 TeV, as in the case of the e+e" — ZHqm process discussed in §1.4.2.3. 

iv) Finally, electromagnetic corrections to the initial state with virtual photonic correc¬ 
tions and initial state photon radiation. These corrections are exactly the same as those 
affecting the ZH^m cross section and can be implemented using the structure func¬ 

tion approach discussed in §1.1.2. The corrections are in general large and positive [except 
near the kinematical production threshold] since they decrease the effective c.m. energy, 
which thus increases the cross sections, a oc 1/s. 

The effect of the full set of radiative corrections on the cross sections is exemplihed in 
Fig. 4.5 for e’''e“ —>■ hZ and hA production at a c.m. energy of ^/s = 500 GeV as a function^^ 
of M/j in the maximal mixing scenario with Ma = 200 GeV; the squark masses are set to 
Ms = 1 TeV while the slepton masses are chosen to be = 300 GeV. The results are 

shown for the case [481] where the full one-loop corrections are included in the Feynman 
diagrammatic approach (dashed lines) and are compared to the case where the two-loop 
improved calculation of the mixing angle a is performed including and excluding the box 
contributions (solid and dot-dashed lines, respectively) and to the case where only the one- 
loop RG improved angle a is used (dooted lines). Except in the latter case, the radiative 
corrections to the Higgs boson masses are included up to two loops. The differences in the 
cross section predictions are, hrst, due to the different values of and a and, second, to 
the inclusion or not of the vertex and box corrections. 

As a general trend, the difference between the full one-loop and the RGE corrected cross 
sections can be rather large, being of the order of 10 to 15% for cr(e’''e“ —>■ hZ) and 20% 
for cr(e'''e“ —> hA). The inclusion of the two-loop corrections in a increases (decreases) 

^^This parametrization of the cross sections in terms of two Higgs boson masses, Ma and Mh (or Mh), 
instead of the formal quantity tan /3, is more physical. Although leading to more involved expressions, 
this parametrization has the advantage of using physically well defined input quantities avoiding possible 
confusions from different renormalization schemes. 
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the e'*'e“ —> hZ {hA) cross section by more than 10%. The box contributions, which are 
more important at high energies, are at the level of 5 to 10% with the dominant component 
being the exchange of W and Higgs bosons. As can be seen from the figure, the main effect 
is, in fact, due to the different shift in the CP-even Higgs boson mass in the Feynman 
diagrammatic and RGE approaches which also alters the phase space. For high Ma values 
and at large tan f3, a sizable difference also occurs in the e’''e“ —> hA channel when the box 
contributions are included. This is due to the fact that in this limit, the tree-level cross 
section is very small because of the cos^(/3 — a) —0 decoupling, while the box diagrams 
induce contributions that are not proportional to the Qhaz coupling and can be thus relatively 
much larger. However, in this case, the total cross section is anyway very small. 




Figure 4-5: The production cross sections a{e'^e~ —> Zh) and a{e'^e~ —> Ah) as a function 
of Mh at y/s = 500 GeV for Ma = 200 GeV in the maximal mixing scenario. The other 
input parameters are Ms = F = M 2 = At = Ai, = 1 TeV while = 300 GeV. The meaning 
of the various lines is described in the text; from Ref. [481]. 

In the case of the heavier CP-even Higgs production, the difference between the effective 
potential and the Feynman diagrammatic approaches is summarized in Fig. 4.6 where the 
cross sections cr(e'''e“ — HZ) and a{e'^e~ —> HA) are shown as a function of Mh, again, at 
^/s = 500 GeV [480]. Similar conclusions as previously can be drawn in this case: the typical 
size of the differences between the two methods is in general 10-20% for this energy, but 
they can become quite large (60%) for the process a{e'^e~ —> ZH). The difference between 
the two approaches becomes more important with increasing energies, exceeding the level of 
40% at ^/s = 1 TeV. Note also that the effect of the additional form factors in the Feynman 
diagrammatic approach grows and modihes the angular dependence of the cross sections 
compared to the effective Born approximation where they behave as ~ sin^ 9. 
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Figure 4-6: The cross sections a{e'^e~ —> ZH) and a{e'^e~ —> AH) as functions of Mh at 
a 500 GeV e'^e~ collider where the effective potential approach (EPA) is compared to the 
Feynman diagrammatic one (FDC); the other inputs are as in Fig. 4-5; from Ref. [480]. 


The fusion production processes 

In the case of the fusion processes, > 'Hi'v, the full set of one-loop radiative corrections 

is not yet available. While some important corrections, such as ISR, the external lepton and 
internal W boson propagator corrections as well as the Wev vertex corrections, should be 
the same as in the SM Higgs case [since the contribution of the SUSY particles is in general 
very small], the corrections to the HWW vertices and the box corrections should be different 
outside the decoupling regime when the case of the h boson is considered. The dominant 
corrections are expected to be those involving closed loops of fermions and sfermions, in 
particular those of the third generation which may have strong Yukawa couplings. These 
one-loop corrections have been calculated recently [483,484] and we briefly summarize the 
main effects here; some generic Feynman diagrams are displayed in Fig. 4.7. 





Figure 4-5: Generic diagrams for the corrections from (s)fermion loops to e'^e —> wFL. 
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As expected from what we have learned in the SM Higgs case, §1.4.2.3, the fermionic 
corrections to a(e~^e~ —> lyph) are rather small if the renormalization of the mixing angle a 
is left aside [i.e. when the tree-level cross section is calculated with a and the Higgs mass is 
radiatively corrected at the same order]. They are at the level of 1 to 5% in the entire range 
of Ma and tan jS values and the SUSY loop contributions are in general very small, except 
for large values of the trilinear SUSY-breaking parameter At for which the htt couplings 
are strongly enhanced; in this case the sfermion correction become of the same size as the 
fermionic corrections. In the decoupling limit, one recovers the SM result, that is, a negative 
correction of approximately — 2 % at high enough c.m. energy, when the tree-level cross 
section is expressed in terms of and the corrected h boson mass is used. 

The production cross sections for the process —>• vuh at tree-level and at one- 

loop [483] are shown in Fig. 4.8 as a function of the c.m. energy for Ma = 500 GeV and the 
two values tan /3 = 3,40 in four benchmark scenarios: the maximal- and no-mixing scenarios, 
a gluophobic Higgs scenario where the squark loops are important [reducing drastically the 
Higgs coupling to gluons] and the vanishing-coupling scenario where the angle a is small. 
The main effect is, again, due to the Higgs propagator corrections which affect both the value 
of Mh and the coupling to gauge bosons. These corrections can change the cross section by 
up to ~ 25% but the other loop corrections are small staying, typically, below 2%. 

In fact, the one-loop corrections are more interesting to investigate in the case of the 
production of the heavier CP-even H boson. Indeed, since for high Mh values one is close to 
the decoupling limit where the uuH cross section vanishes, the inclusion of the one- 

loop corrections in the HWW vertex will induce contributions that are not proportional to 
the tree-level coupling gnww = cos(/3 —a) —*■ 0 , thus generating a non-zero production cross 
section. The situation is even more interesting if the H boson is too heavy to be produced 
in association with the CP-odd Higgs boson, Mh ^ y/s — Ma, but is still light enough to be 
produced in the fusion process with sizable rates. In most of the MSSM parameter space, 
this is obviously not the case, in particular, when SUSY particles are too heavy. However, 
there are scenarios where sfermions are light enough and couple strongly to the H boson to 
generate contributions which lead to sizable cross sections. This is, for instance, the case of 
the “enhanced Huu cross section” scenario of Ref. [483] where the squark masses are set at 
Ms = 350 GeV and the higgsino mass parameter to /i = 1 TeV, while the trilinear couplings 
are such that Af, ~ At with Xt ~ 2 M 5 [which in the on-shell scheme corresponds to the 
maximal mixing scenario]. 

The effect of the fermion/sfermion radiative corrections to the ^ Huu process 

is exemplihed in Fig. 4.9 where the tree-level, the a improved and the full one-loop cross 
sections are shown in the Myi-tan/3 parameter space in the unpolarized case (upper row) 
and with 100 % longitudinal polarization of both the and beams which increases the 
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Figure 4-8: The tree-level and the one-loop corrected production cross sections for the process 
e'^e~ —> ouh as a function of ^/s for Ma = 500 GeV and tan/3 = 3,40 in four benchmark 
scenarios: maximal mixing [Xt = 2Ms with Ms = 1 TeV, = O. 8 M 5 pi = M 2 = 200 
GeV], no-mixing [Xt = t) with Ms = 2 TeV, mg = 0.8Ms and /i = M 2 = 200 GeV], gluophobic 
]Xt = —2Ms with Ms = 300 GeV, = 500 GeV and /i = M 2 = 300 GeV] and small-a 
]Xt = —l.l TeV with Ms = 0.8 TeV, mg = M 2 = 500 GeV and pi = 2.bMs\; from Ref. ]483]. 

production rate by a factor of four (lower row). As can be seen, the effect of the radiative 
corrections is quite drastic. While the area where the cross section is larger than a > 0.02 
fb [which corresponds to 20 events for £ = 1 ab“^] is rather small at tree-level and even 
smaller when only the renormalization of the angle a is included, it becomes rather large 
as a result of the fermion/sfermion contributions to the HWW vertex. The longitudinal 
polarization of the initial beams vastly improves the situation and the areas where the cross 
sections make the process observable are much larger than in the unpolarized case. 

Note that the same type of discussion can be made in the case of the production of 
the pseudoscalar Higgs particle in the WW fusion mechanism, e+e“ —> Auu. The AWW 
coupling, which is absent at tree-level, is generated at a higher level [485, 486] by loop 
diagrams allowing the process to take place [additional contributions to the process might 
come from other sources such as box or pentagonal diagrams for instance]. This possibility 
will be discussed in the next section. 
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Figure 4-9: The cross sections for the process e'^e~ —> unH in the M^-tan/3 plane for 
Ms = 350 GeV and /i = 1 TeV in the maximal mixing scenario at y/s = 1 TeV. The tree- 
level cross section (left) including the finite wave-function corrections is compared to the a 
approximation (middle) and the one-loop corrected cross section (right column). The upper 
(lower) row is for unpolarized (100% polarized) beams. The different shadings correspond 
to: white: a < 0.01 fb, light shaded: 0.01 < a < 0.02 fb, dark shaded: 0.02 < a < 0.05 fb, 
black: a > 0.05 fb. From Ref. [483]. 


4.1.3 Neutral Higgs boson detection 
Decoupling and anti—decoupling regimes 

In the decoupling and anti-decoupling regimes where, respectively, the lighter h and heavier 
FI particle has SM-like couplings to weak vector bosons and to fermions, the search for 
the = h or if boson follows exactly the same lines as the search for the SM Higgs 
boson [518,519] in the low mass range, < 140 GeV, discussed in §1.4.4. The particle 
is produced in the Higgs-strahlung and WW fusion mechanisms with large cross sections 
and decays into bb pairs [and in the upper mass range, > 130 GeV, into pairs of W 
bosons with one of them being off-shell] with large branching fractions. In fact, the recoil 
mass technique in the Higgs-strahlung process, e+e“ —> Z^h, allows to detect the particle 
independently of its decay modes [and in particular, if it decays invisibly as will be discussed 
in a forthcoming section]. As mentioned previously, it would be more appropriate to search 
for this particle at relatively low center of mass energies, y/s +Mz ^ 250-300 

GeV, where the Higgs-strahlung cross section is maximal. 
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In the two regimes, the only accessible additional process will be the associated prodnction 
of the pseudoscalar-like Higgs boson, = H (h) in the (anti-)decoupling case, and the CP- 
odd A boson, > ^aA. The Z^aA coupling has full strength, Qz^aA — cind the cross 

section is large except near the kinematical threshold \/s = Ma + ~ 2 Tf 4 where it 

drops sharply, being suppressed by the usual (5'^ factor for spin-zero particle production. 
For large tan (3 values, both and A decay mostly into bb and pairs with branching 

ratios of approximately 90% and 10%, respectively. The hnal states will thus consist mainly 
into bbbb and bbT^T~ events, fe-tagging is thus important, in particular in the 46 hnal state 
signature, to reduce the large four-jet and ti backgrounds. In the anti-decoupling limit with 
MA,h ^ 0{Mz) that is, slightly above the LEP2 bounds, one can simply extend the LEP2 
analyses but with a much higher energy and luminosity; the only additional complication 
will be the larger > ZZ 46 background which has to be rejected by suitable cuts. 



Reconstructed Mass (GeV) reconstructed ditau mass [ GeV ] 


Figure 4-10: The Higgs boson mass peaks in the proeess e~^e~ —> HA —> bbbb for 50fb~^ at 
y/s = 800 GeV (left) and the reconstructed tt invariant mass from a kinematic fit in the 
process e+e“ —>• HA bhT^T~ for Ma = 140 GeV and Mh = 150 GeV at y/s = 500 GeV 
with 500 fb~^ data (right); from Refs. [470,520], 

In Refs. [470,521], it has been shown with a full simulation that only 50 fb“^ data are 
sufficient to observe the 46 Higgs signal for Ma = Mh = 350 GeV at y/s = 800 GeV. In the 
left-hand side of Fig. 4.10, the mass peak for e’''e“ ^ HA ^ bbbb is shown for this energy and 
luminosity, but for Higgs boson masses Ma = Mh = 300 GeV; it is chiefly standing above 
the ti and 4-fermion backgrounds. More recently, another detailed study [520], including 
detector simulation and all SM backgrounds, has been performed for the associated Higgs pair 
production process in both the bbbh and bbMT~ channels. A very good mass reconstruction 
is achieved using a kinematical ht which imposes energy momentum conservation. This 
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is exemplified in the right-hand side of Fig. 4.10 where the reconstructed r^r~ invariant 
mass from the fit is shown on top of the SM backgrounds for AH production with masses 
Ma = 140 GeV and Mh = 150 GeV at a/s = 500 GeV with 500 fb“^ data. 

Besides the possibility of measuring the production sections in the two channels, the 
kinematical £t allows a rather precise measurement of the masses of the GP-even and GP- 
odd Higgs bosons [473]. Representative values for two c.m. energies and some combinations 
of Higgs masses, of the measured sum and difference of the masses, as well as the bbbb and 
bbT~^T~ cross sections are shown in Tab. 4.1 with a luminosity of 500 fb“^. As can be seen, 
accuracies of the order of ~ 0.2% can be achieved on the Higgs masses, while the 

production cross sections can be measured at the level of a few percent in the bhbh channel 
and ~ 10% in the bbT^T~ channel. 



Ma 

Mh 

{Ma + Mh) 

{\Ma-Mh\) 

a{bbbb) 

a{bbTT) 

500 GeV 

140 GeV 

150 GeV 

0.2 GeV 

0.2 GeV 

1.5% 

~7% 

500 GeV 

200 GeV 

200 GeV 

0.4 GeV 

0.4 GeV 

2.7% 

8 % 

800 GeV 

250 GeV 

300 GeV 

0.5 GeV 

0.7 GeV 

3.0% 

~ 13% 

800 GeV 

300 GeV 

300 GeV 

0.6 GeV 

0.7 GeV 

3.5 % 

10 % 


Table 4-1: Expected precision on the masses [in GeV] and cross sections [in %] of the heavier 
MSSM Higgs bosons produced in e'^e~ —> HA at two c.m. energies a/s = 500 GeV and 800 
GeV with 500 fb~^ data for various Higgs boson masses; from Ref. [473]. 

The intense conpling regime 

The intense-coupling regime, where tan (4 is rather large and the three neutral MSSM h, H 
and A bosons have comparable masses close to ~ 110-140 GeV, is possibly one of 

the most difficult scenarios to be resolved completely at future colliders. As discussed in 
§3.3.2, the detection of the individual Higgs boson signals is very challenging at the LHG. In 
collisions, thanks to the clean environment and the complementarity of the available 
production channels, the separation of the three Higgs bosons is possible. 

The Higgs-strahlung processes hrst allow to probe the h and H bosons and to measure 
their masses from the recoiling mass spectrum against the Z boson. A detailed simulation 
of the signal and all main background processes has been performed in Ref. [522] at a c.m. 
energy ^/s = 300 GeV, including ISR and beamstrahlung effects as well as a simulation of 
a detector response. It was found that the most promising way of measuring Mh and Mh 
is to select first the i~^i~bb event sample with £ = e/p and then apply the recoil Z boson 
mass technique to single out the > Zh/ZH processes. If some realistic 6-tagging and 

kinematical cuts are applied, the discrimination of the two Higgs signal peaks is possible 
as shown in Fig. 4.11 (left) for the MSSM parameter point PI introduced in §3.3.2, where 
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Ma = 125 GeV and tan /5 = 30 leading to — 124 GeV and Mh — 134 GeV. As indicated 
in the figure, with 500 fb“^ data, the h and H masses can be determined with a precision of 
the order of 100 MeV for h and 300 MeV for H at this energy. 



Recoil mass against the Z [GeV] 



Figure 4-11-' The recoil mass distributions for the signal and backgrounds including ISR, 
beamstrahlung and detector smearing for the parameter points PI (Ma=125 GeV, tan/? = 
30) after cuts and b-tagging (left), and the invariant mass of two b jets from the A boson 
after cuts and selection procedures for the same parameter point PI (right); from Ref. [522], 


The complementary pair production channels, e’''e“ —> A + h/H, allow to probe the GP- 
odd A boson. Since the h and H masses will be known from the recoil mass technique, the 
determination of the mass of the A boson can be made either via the reconstruction of the bb 
and/or invariant masses, or through a threshold scan, similarly to what occurs in the 

decoupling regime [520,521]. Promising results are obtained when selecting 4 5-jet events 
by means of 5-tagging. A good separation of the “physical” combination of 2 5-jet pairs 
from the combinatorial background could be achieved with suitable cuts on the separation 
of the individual 5 quarks and the 55 pairs. The selection of the pseudoscalar boson from 
the (Ah) and (AH) pairing, relies on the “combinatorial mass difference” method discussed 
in Ref. [522]. Resulting bb mass spectra for the MSSM parameter points PI are shown in 
the right-hand side of Fig. 4.11. Only the 2 5-jet mass assigned to the A boson is displayed 
and all 4 5-jet background sources are taken into account. The mass of the pseudoscalar A 
boson can be measured with an accuracy of less than 400 MeV. 


The same analysis has been performed for other scenarios in the intense coupling regime 
at ^/s ~ 300 GeV and an integrated luminosity of 500 fb“^ and the uncertainties on the 
mass measurements of the neutral MSSM Higgs bosons are found to be of about 100-300 
MeV for the two GP-even Higgs particles and 300-400 MeV for the GP-odd Higgs boson. 
These values are smaller than the typical mass differences as well as the natural widths of 
the Higgs bosons, but much worse than the accuracy on AMhs^ ~ 50 MeV. 
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The vanishing and the intermediate—coupling regimes 


In the regime where the coupling of the lighter MSSM Higgs particle to isospin down-type 
fermions is small or vanishing, the h boson will mostly decay into W pairs with one of the 
W bosons being off-shell and, to a lesser extent, into gluons and charm quarks; in the high 
mass range, Mh ~ 130-140 GeV even the decays into ZZ* have sizable rates. This can be 
seen in Fig. 2.24 where the branching ratios for the various decays have been displayed in a 
particular scenario. Since the cross section for the strahlung process > hZ is almost 

not affected by this feature [as long as tan /3 > 1 ], the h boson can be detected independently 
of any hnal state decay using the missing mass technique. Nevertheless, direct searches in 
the relevant topologies would allow to perform much better measurements [compared to the 
SM case] of the Higgs couplings to these particles. In particular, the information obtained 
from the measurement of the gluonic decay mode would be very interesting, as it is sensitive 
to new particles. In fact, even the other loop induced decays, h —»■ 77 and Z 7 , would be 
more easily accessible as their branching fractions are increased by a factor of ~ 2 . 

The decays of the heavier neutral H and A bosons, as well as those of the charged Higgs 
particles, will not be affected by this scenario and the searches discussed for these particles in 
the decoupling regime will hold in this case. The only new effect might be that the relative 
size of the bb and branching ratios of the H and A bosons and the tb and rz/ branching 
ratios of the particles are affected. Indeed, as already discussed, the vanishing of the 
hbb coupling occurs in scenarios where both tan/3 and /i are large. In this case, the SUSY 
loop corrections to the Abb, Hbb and H^ib couplings will be rather large and will affect the 
branching fractions in a sizable way as has been exemplihed in Figs. 2.26-2.28. 

Finally, in the intermediate regime where tan/3 < 5 and 200 < Ma ^ 500 GeV, both 
cos(/3 — a) and sin(/3 — a) are not too small [by dehnition of this regime]. In this case, there 
should be no problem for detecting the lighter h boson since at least the cross sections for 
hZ and > huu processes should be large enough. For the heavier H particle, 

the cross section for e+e“ HZ should also be sizable and the decays H WW and 

potentially FT —> ZZ, as well a.s H —>■ tt for Mh ^ 350 GeV, have reasonable branching 
fractions. One can then use the same techniques for the SM-Higgs search in the high mass 
range but with lower production cross sections times branching ratios. The large luminosities 
which will be available ensure that the various hnal states will be detected. 

For the pseudoscalar A particle, the cross section for e’''e“ —*■ hA is not too suppressed 
so that one can use at least the 4b searches discussed above for the intense-coupling regime. 
Additional searches could be performed in the bbWW channel if the decays h —> WW* take 
place with sizable rates as well as in A —»■ hZ decays for Ma ^ 300 GeV, which would lead to 
> hA —> hhZ hnal states. If enough c.m. energy is available, the process e’''e“ —> HA 
will lead to a rich variety of hnal states. For Ma ^ 350 GeV, the decays H/A tt can be 
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searched for in titi or tibb final states. For a slightly lower Ma value, the very interesting 
decay H —>■ hh [which can also be observed in HZ Zbhbh events] as well as the 

decay A —>■ hZ can be probed in this process. The production rates can be large enough 
to allow for the detection of all these topologies as shown in the left-hand side of Fig. 4.12 
where the e+e“ HA cross section times the branching ratios for these decays is displayed 
at a c.m. energy a/s = 1 TeV as a function of Ma for tan/ = 3 in the maximal mixing 
scenario. As can be seen, the rates exceed the femtobarn level in rather large areas allowing, 
for the planed luminosities, to collect a sample of signal events that is healthy enough to 
allow for cuts to suppress the various backgrounds and/or for detection efficiency losses. 



Ma [GeV] Ma [GeV] 


Figure 4^2: Left: the cross section a{e'^e~ —> HA) times the branching ratios for the 
decays H —> hh, A —»■ hZ and H/A —>■ tt as a function of Ma in the maximal mixing 
scenario. Right: a{e'^e~ —*> HA) x BR(Ff —»■ hh) x BR(A —> hZ) as a function of Ma and 
three mixing scenarios Xt = 0 (no-mixing), Xt = Ms (typical-mixing) and Xt = \/6Ms 
(maximal mixing) with Ms = 2 TeV. Both figures are for tan/5 = 3 and ^/s = 1 TeV. 

However, the most spectacular process is undoubtedly associated e+e" HA production 
with the subsequent Higgs decays H ^ hh and A —> hZ, leading to three Higgs particles 
and a Z boson in the hnal state. The rates for this process are not that small as shown 
in Fig. 4.12 where the cross section cr(e^e“ HA) times the branching ratios BR(iJ 
hh)xBIi{A —>■ hZ) are shown again at ^/s = 1 TeV as a function of Ma for tan/5 = 3 in 
the maximal, typical and no-mixing scenarios. In the mass range 230 < Ma ^ 350 GeV, 
the rate is larger than 1 fb, leading to a thousand events for a luminosity C = 1 ab“^. The 
resulting Qb + Z hnal states will have little background and their detection should not be very 
problematic [except from combinatorial problems] with efficient 6-tagging and once some of 
the many mass constraints are imposed. 
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4.2 Neutral Higgs production in higher—order processes 

4.2.1 The ZZ fusion mechanism 

As in the case of the SM Higgs particle, the ZZ fusion production channels which at tree- 
level occur only for the CP-even neutral Higgs bosons, 

ZZ fusion process e'''e“ —^ e’''e“ {Z*Z*) — ^e'^e~ + h/H (4.8) 

follow the same trend as the corresponding WW fusion channels, + h/H, but 

with cross sections that are approximately a factor of ten smaller as a result of the reduced 
neutral current couplings compared to the charged current couplings. This is shown in 
Fig. 4.13 at the two c.m. energies a/s = 500 GeV and 1 TeV as a function of the Higgs 
masses for tan/3 = 3 and 30. Nevertheless, when they are not suppressed by the coupling 
factors cos^(/3 — a) or sin^(/3 — a) and by phase space in the case of the H boson, the rates 
are still signihcant allowing to collect a few thousand events with the planed luminosities. 




Figure 4.13: The production cross sections in the ZZ fusion channels e+e" —^ + h/H 

for tan/3 = 3 and 30 as a function of the Higgs masses for two values of the c.m. energy, 
a/s = 500 GeV (left) and 1 TeV (right). 


Since the entire hnal states can be reconstructed, these processes allow for measurements 
that are cleaner than those which can be performed in the WW fusion channel. In addition, 
because at high energies the cross sections are not suppressed, as they grow as log(s/M.^), 
in contrast to the Higgs-strahlung process whose cross section drops like 1/s, one can use in 
the ZZ fusion process the missing mass technique familiar from Higgs-strahlung, as it was 
discussed in the case of the SM Higgs at the CLIC multi-TeV collider; see §1.4.4.4. 
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4.2.2 Associated production with heavy fermions 

In the continuum, the associated production of the neutral MSSM Higgs particles with heavy 
top and bottom quarks, as well as with r leptons [492], 

association with heavy fermions : e+e- -^ff + h/H/A (4.9) 

proceeds primarily through the radiation off the heavy fermion lines as in the SM Higgs 
case. For these specihc contributions, the cross sections are simply those discussed for the 
SM Higgs boson in §1.4.3.2 [in particular since we have also considered the case of a CP-even 
Higgs particle for comparison] damped by the square of the Higgs couplings to fermions 

cr(e+e“ ^ //$) ~ glff(TsM{e^e~ //$) (4.10) 

This is particularly the case for bb and hnal states which, because of their strongly 

enhanced couplings to the Higgs bosons for large tan/3 values, should be considered in the 
MSSM. Indeed, since the fermion masses can be neglected in the amplitudes, there is no 
difference between the CP-even and CP-odd cases. Nevertheless, in the MSSM, there are 
additional Feynman diagrams which contribute to these hnal state topologies as shown in 
Fig. 4.14: besides the familiar TiZ* —^ Ti-ff diagram, one has also associated 

TiA production, with one of the Higgs bosons splitting into the // pair. In the case of 
6 -quark and r-Iepton hnal states, as well as in the case of top quarks for Mh,a ^ 2 m 4 , 
these processes might provide the leading contribution when the cross sections for the 2 —2 
processes e“''e“ —> hA or HA are not suppressed by the mixing angle factors. Note also that 
the diagram where the fermion pair originates from the virtual Z boson is absent in the case 
of the pseudoscalar A boson since there is no ZZA coupling at the tree-level. 



Figure 4-14- Diagrams for the associated production of Higgs bosons with a fermion pair. 


For Higgs production in association with top quarks, e+e" —> + h/H/A, and for 

tan/3 > 3, the cross sections are strongly suppressed for the pseudoscalar and pseudoscalar- 
like Higgs boson, = H or h depending on whether we are in the anti-decoupling or the 
decoupling regimes and are sizable only for the boson which has almost SM-like couplings 
to the top quarks. At ^/s = 500 GeV, the cross sections are very small, barely reaching the 
level of 0.2 fb even for the SM-like Higgs boson since at this energy, there is only a little 
amount of phase-space available for the process. At higher energies, e.g. a/s = 1 TeV, the 
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cross sections can reach the level of ~ 1 fb as shown in the left-hand side of Fig. 4.15 for 
tan jS = 3. This would allow for the measurement of the ^nti couplings [493] since most of 
the cross section is coming from Higgs radiation off the top quarks as discussed earlier. 

In the case of Higgs production in association with bottom quarks, e''“e“ bb + h/H/A, 
one should take into account only the gauge invariant contribution coming from Higgs radi¬ 
ation off the fe-quark lines since a much larger contribution would come from the associated 
production process, > Ah or AH, with one of the Higgs bosons decaying into bb pairs, 

or from the Higgs-strahlung process, e^e“ —>■ Zh or ZH with Z —> bb. These resonant pro¬ 
cesses have been discussed earlier and can be separated from the Higgs radiation off 6 -quarks 
by demanding that the invariant mass of a bb pair does not coincide with that of a Z boson or 
another Higgs boson. Because of the strong enhancement of the 6 -quark Yukawa coupling, 
the cross sections can exceed the level of a(e~^e~ —> bbA + 66$yi) > 1 fb for tan/3 > 30 and 
small to moderate Higgs masses, as shown in the right-hand side of Fig. 4.15 where a c.m. 
energy of y/s = 500 GeV has been assumed and tan/3 is hxed to 30. 

Note that the cross cross section for associated Higgs production with pairs, e+e“ —*■ 
r^r“<h, is not signihcantly smaller than the 66 $ cross section. Indeed, despite of the smaller 
r mass and the missing color factor, there is a compensation due to the larger electric charge, 
the square of which multiplies the dominant photon exchange contribution, and there is only 
a factor of two to three difference between a{e~^e~ —> r+r“$) and a{e~^e~ —> 66 $). 




Figure 4-15: The production cross sections of the three neutral MSSM Higgs bosons in associ¬ 
ation with heavy guarks as a function of the respective Higgs masses: e~^e~ —>■ ti+h/H/A at 
^/s = 1 TeV and tan/3 = 3 (left) and e'^e~ —> bb-\-h/H/A at y/s = 500 GeV and tan/3 = 30 
(right). The pole guark masses are set to mt = 178 GeV and mf, = 4.9 GeV. 
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Since the cross section for e'''e“ —66$ is directly proportional to tan^ /5, this process has 
been advocated as a means to perform a measurement of tan (3 when it takes large enough 
values, in much the same way as the gg —> 66$ process at the LHC but with much less un¬ 
certainties. In Ref. [494], a simulation has been performed for the e^e“ — hhA —> bbbb signal 
[where cuts have been applied to discard the resonant production of Higgs boson pairs which 
is less sensitive to tan/3] and the background processes, e+e“ —*■ eWh',e'^e~Z,WW,qq,U 
besides HA/hA production, including the effects of ISR and beamstrahlung as well as the 
response of a detector that is similar to the one expected for the TESLA machine. At 
^/s = 500 GeV, the 66$ signal cross section is sizable at low and high tan/3 values. 
Fig. 4.15. The 6 quarks have to be tagged and the efficiency for one 6-tag is assumed to be 
~ 80% for a purity of ~ 80%. The expected background rate for a given efficiency of the 
signal is displayed in the left-hand side of Fig. 4.16. 


Although relatively small, the background from the $aA resonant process is very impor¬ 
tant since it interferes with the signal; for = 100 GeV and tan/3 = 50, the interference 
is positive and is about 30% of the signal after cuts. If only this background process is 
included, one would have a statistical error on the tan/3 measurement, Atan^/3/tan^/3 = 
\/S + B/S ~ 0.14 for the previous choice of parameters, leading to an error of 7%. When 
all backgrounds are included, the statistical accuracy on the tan/3 measurement for three 
values of is shown in the right-hand side of Fig. 4.16 for a selection efficiency of 10% 
and a luminosity of 2 ab“^. Note that if the channel 66$^ is added, the precision will be 


improved since the signal is doubled. However, this gain will be lost if the running 6-quark 
mass, fhb{MA) — 3 GeV, is used as the signal rate drops then by a factor of two. 
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Figure 4-16: Left: the final background rate versus the bb + A signal efficiency for Ma = 100 
GeV, y/s = 500 GeV and C = 500 fb~^. Right: the corresponding tan/3 statistical error for 
C = 2 ab~^ and three values Ma = 100,150 and 200 GeV. For both plots, the value of the 
b-quark pole mass is fixed to mb = 4.9 GeV; from Ref. [494]- 
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4.2.3 Multi—Higgs boson production 


As discussed in §1.2.3, a large ensemble of Higgs couplings is present in the MSSM: six 
different trilinear couplings hhh, Hhh, HHh, HHH, hAA, HAA are generated among the 
neutral particles and many more quadrilinear couplings. In e'''e“ collisions, these couplings 
can be accessed through Higgs pair production in the strahlung and WW fusion processes 
as in the case of the SM Higgs boson [144,495]: 

e+e" Z + hh/HH/Hh/AA and e+e” ^ vV + hh/HH/Hh/AA (4.11) 

but also in triple Higgs production involving one or three CP-even Higgs particles [144]: 

e+e" ^ A + hh/HH/Hh/AA (4.12) 

Some examples of Feynman diagrams leading to these processes in the Z<hi $2 or 

A^i ^2 channels and involving the trilinear Higgs couplings are shown in Fig. 4.17. The 
channels in which the various couplings can be probed have been cataloged in Table 4.2. 



Figure 4-17: The doublestrahlung and assoeiated triple Higgs boson production processes. 
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Table 4-'^- The trilinear Higgs couplings which can generically be probed in double Higgs- 
strahlung and associated triple Higgs-production are marked by a cross. 

Since in large parts of the MSSM parameter space the i7, A and H^ bosons are quite 
heavy, their couplings will be accessible only at high energies. In contrast, those of the lighter 
h boson can be accessed already at a 500 GeV collider since < 140 GeV. We will hrst 
discuss the production of hh pairs and mention briefly later the production of heavy Higgs 
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bosons. Because light A bosons have been ruled out, Xnhh is the only trilinear coupling 
that may be measured in resonance decays, H —> hh, while all the other couplings must 
be accessed in continuum pair or triple production. The analytical expression of the cross 
sections for all these processes can be found in Ref. [144]. 

The total cross sections for the double Higgs strahlung process e’''e“ —> hhZ are shown at 
a c.m. energy ^/s = 500 GeV in Fig. 4.18 where tan jS is chosen to be 3 and 50 with the mixing 
parameters being At = 1 TeV and /i = — 1 TeV and 1 TeV. Since the vertices are suppressed 
by sin / cos functions of the mixing angles (3 and a, the continuum hh cross sections are in 
general suppressed compared to the SM Higgs case. The size of the cross sections increases 
for moderate tan (3 by nearly an order of magnitude if the hh hnal state can be generated in 
the chain > ZH —Zhh via resonant TT-strahlung. If Mh approaches the upper limit 

for a given tan (3 value, the decoupling drives the cross section back to its SM value. Note 
that for tan/3 = 50, the cross section is extremely small except in the decoupling limit and 
even the resonance production is not effective. 

tanP=50 117.7 118 119 1000 Mjj[GeV] 

I-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-1 

tanP=3 140 172 1002 Mj^[GeV] 


1 


0.1 

80 90 100 110 120MJGeV] 

Figure 4-18: The total cross sections for MSSM hh production via double Higgs-strahlung 
at a 500 GeV e'^e~ collider for tan/3 = 3 and 50, including mixing effects (At = 1 TeV, 
/i = —1/1 TeV /or tan/3 = 3/50/. The dotted line is for the SM cross section; from [Iff]- 

In fact, the reduction of the Zhh cross section outside the decoupling limit is partly 
compensated by the ZHh and ZHH production cross sections so that their sum adds up 
approximately to the SM value, if kinematically possible. This is demonstrated in the left- 
hand side of Fig. 4.19 which shows the cross sections for the hh, Hh and HH hnal states at 
y/s = 500 GeV for tan/3 = 3 [opposite helicities for the initial electrons and positrons are 
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Figure 4-id: The production cross sections for the processes Zhh, ZHh and ZHH for ^/s = 
500 GeV (left) and Zhh and Ahh for ^/s = 1 TeV (right) for and tanjd = 3 and including 
mixing effects (A = l TeV, fi = —I TeV); from Ref. [iff]- 


assumed so that the cross section doubles compared to the unpolarized case]. One can notice 
that the —>■ HhZ cross section, which is rather small in the lower [and, hence, lower 

Ma\ range, increases by two orders of magnitude for moderately large values of Ma- In this 
case, the A —hZ decay channel opens up leading to the familiar resonance production of HA 
followed by the decay A —hZ which results in hHZ hnal states. This channels disappears 
for larger values of Ma when the dominant decay channel A ^ tt becomes accessible. 

In the case of triple Higgs production, the hrst process that is accessible kinematically is 
e''“e“ —*■ Ahh. The size of the cross section cr(e’''e“ —> Ahh) is compared with double Higgs- 
strahlung a{e'^e~ —>■ Zhh) in the right-hand side of Fig. 4.19 for tan /? = 3 at ^/s = 1 TeV. 
The cross section involving the pseudoscalar Higgs boson is small in the continuum. The 
effective coupling in the chain Ah* — >■ Ahh is cos(/3 — a)Xhhh while in the chain AH* — > Ahh 
it is sin(/9 — a)XHhh', both products are small either in the first or in the second coefficient. 
Only for resonance H decays, AH Ahh, the cross section becomes very large. 

Based on these cross sections, one can construct sensitivity areas for the trilinear MSSM 
Higgs couplings; WW double-Higgs fusion can provide additional information on the self¬ 
couplings, in particular for large collider energies. In Refs. [144,523], the sensitivity areas 
have been dehned in the M^-tan jS plane with the criteria for accepting a point in the plane 
as accessible for the measurement of a specific trilinear coupling being: (i) (t[A] > 0.01 fb, 
meaning that 20 events are produced with a luminosity of 2 ab“^, and {ii) eff{A —> 0} > 
2 st.dev., that is, on demands at least a 2 standard deviation effect of the non-zero trilinear 
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coupling away from zero. A slight tightening of these two criteria does not have a large 
impact on the size of the sensitivity areas. 





[GeV] [GeV] [GeV] 

Figure 4-20: Sensitivity to the couplings Xhhh, Xnhh, XuHh and Xhhh in double Higgs- 
strahlung and triple Higgs production for collider energies of 500 GeV and 1 TeV in the no¬ 
mixing scenario. Vanishing trilinear couplings are indicated by contour lines; from Ref. [144]- 

Sensitivity areas of the trilinear couplings among the scalar Higgs bosons h and H in 
the matrix Table 4.2 are depicted in Fig. 4.20. If at most one heavy Higgs boson is present 
in the hnal state, the lower energy a/s = 500 GeV is more preferable in the case of double 
Higgs-strahlung. HH hnal states in this process and triple Higgs production including A 
give rise to larger sensitivity areas at the high energy s/s = 1 TeV. Apart from small regions 
in which interference effects play a major role, the magnitude of the sensitivity regions in the 
parameter tan/3 is readily explained by the magnitude of the parameters Asin(/3 — a) and 
A cos(/3 — a). For large M^, the sensitivity criteria cannot be met anymore either as a result 


252 




































of phase space effects or due to the suppression of the H/A propagators for large masses. 
While the trilinear coupling of the light h boson is accessible in nearly the entire MSSM 
parameter space, the regions for the A’s involving heavy Higgs bosons are rather restricted. 

Note hnally, that one is also sensitive to the trilinear couplings involving the CP-odd 
Higgs boson XhAA and Xhaa in fhe process > ZAA. In the case of XhAA, this is shown 

in the left-hand side of Fig. 4.21 in the MA-tan jS plane using the same criteria as previously. 
For Ma ^ 200 GeV, the sensitivity is rather high. 

The pair production of two A bosons in Higgs strahlung, as well as in double WW 
fusion, has been advocated [102,496] as among the few mechanisms [together with associated 
production with fermions] which would allow for the detection of the pseudoscalar Higgs 
particle in the case where both the h and H bosons are too heavy and decouple [this can 
occur, for instance in non SUSY 2HDMs]. The maximal and minimal values of the cross 
sections for the two processes, after scanning on 1 < tan /3 < 50, are shown in this case in the 
right-hand side of Fig. 4.21 as a function of M 4 . The contributions of the h/H bosons have 
been almost removed [the variation with tan jS is due to the small remaining contributions] 
by setting Mh = Mh = Mh± = 1 TeV. At y/s = 500 GeV and with 1 ab“^, 20 events can 
be produced for Ma ^ 160 GeV in the two channels AAZ and AAvv when only the quartic 
AAVV interactions are included. As expected, at higher energies, there is more sensitivity 
in the WW fusion channel and the mass reach is Ma ^ 300 GeV at y/s = 800 GeV. 




(GeV) 


Figure 4-21: Left: sensitivity to the couplings Xhaa in e'^e~ —> ZAA at y/s = 1 TeV using 
the same criteria as in Fig. 4-20; from Ref. [144]- Right: the cross sections for e^e~ —> ZAA 
and e~^e~ —> vvAA as a function of Ma at y/s = 500 and 800 GeV; shown are the maximal 
and minimal values after scanning on 1 < tan /3 < 50 and without the contributions of the 
h/H bosons; the 20 event level for 1 ab~^ is indicated; from Ref. [486]. 
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4.2.4 Loop induced higher—order processes 

There are several processes for the production of the MSSM neutral Higgs bosons^^ that are 
induced by loops involving the SM particles as well as the SUSY and Higgs particles. Two 
of these processes have been discussed in the context of the SM Higgs boson and that one 
can generalize to the MSSM: the associated production with a photon, e''“e“ —*■ 7 + h/H/A 
[229,498], and the pair production of Higgs bosons, ^ hh/HH/Hh/AA [497]. In the 

case of the pseudoscalar Higgs particle, which has no tree-level couplings to vector bosons, 
the associated production with a Z boson, e+e“ —>• AZ [499], and the associated production 
with a neutrino pair in WW fusion, > vvA [485,486], can be generated radiatively. 

As one would expect, the cross sections for these processes are rather small as a result of the 
additional electroweak coupling. We summarize below the main features of these processes. 

Loop induced Higgs pair production: As in the SM case, because of CP-invariance, the 
process e’''e“ —> are mediated only by box diagrams involving W/v and Z/e virtual 

states and, in the MSSM, additional contributions originate from their SUSY partners, 
charginos/sneutrinos and neutralinos/selectrons. The latter contributions are in general 
extremely small since no enhanced coupling is involved and the cross sections are even smaller 
than in the SM Higgs case because of the suppressed $UU couplings. Only in the (anti-)- 
decoupling limit for {HH) hh production that the rates are comparable. At ^/s = 500 GeV 
and for Mh(H) ~ 140 GeV, they reach the level of a[hh (HH)] ~ 0.2 fb, when left (right)- 
handed polarized e“(e''') beams are used to enhance the cross section by a factor of four, 
since the W boson loop is dominating. The cross sections a[hH (AA)] are in general much 
smaller since A and one of the h or H bosons does not couple to the W boson. 

Associated Higgs production with a photon: The process > 7 $ occurs through s- 

channel 7 * 7 $ and Z* 7 $ vertex diagrams involving charged particles [f,W^,H^,f,x^ for 
the GP-even Higgs bosons and only /, for the GP-odd A boson] as well as t-channel 
vertex and box diagrams involving lU/neutrino and Z/electron and their corresponding 
SUSY partners [x~^/^ and y°/e; only the former diagrams contribute in the case of A 7 
production]. The processes are possibly detectable, with cr[ 7 <h] ~ 0.1 fb, only in the case of 
h OT H bosons, when they have SM-like couplings to the W boson, which again provides 
the dominant contribution [as in h/H —> 77 (^ 7 ) decays]. In the > A 7 case, the 

production cross section is shown in Fig. 4.22 as a function of for several values of tan/5 
at \/s = 500 GeV and 800 GeV. As can be seen, for tan /5 > 1, it is below the 0.1 fb level. 

^“^Note that there are also higher-order processes but which occur at the tree-level, in particular for the CP- 
even Higgs particles. Two examples are: associated production with two gauge bosons, e+e“ —> VV + h/H 
and associated production with a gauge boson in vector boson fusion, e+e“ ^ VU + h/H. These processes 
have been discussed in the SM Higgs case in §1.4.3.4 and in §3.1.6 in the pp case, and the bulk of the cross 
sections can be obtained by folding the one of the SM Higgs boson by factors g^yy- There are additional 
diagrams involving the MSSM Higgs bosons, but we expect their contributions to be tiny. 
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Figure 4-22: The e'^e —*• 7^4, ZA and wA cross sections as a function of Ma for ^/s = 500 
GeV and 800 GeV and for tan/3 = 0.5,1, 5, 20, 50; from Ref. [486], 


Associated CP-even Higgs production with a Z boson; The process e’''e“ —> ZA, which 
does not occur at the tree-level in CP-conserved theories, is generated by exactly the same 
loops which are present in the e^e“ —Ay process, supplemented by diagrams involving 
neutral particles [such as neutral Higgs bosons and neutralinos in the vertex diagrams] which 
couple to the Z boson and not to the photon. However, these extra contributions do not 
enhance the cross sections and the production rates are even smaller than in the Ay case 
[which in addition is more favored by phase space]; see Fig. 4.22. 


CP-even Higgs production in WW fusion: As mentioned when we discussed the radiative 
corrections to the > vvH process, one can mediate the production of the CP-even 

Higgs production, uuA, by the same type of loop diagrams except that the W 

loop contributions are absent. It turns out again that the cross section, which is of 0{a^), 
is extremely small; Fig. 4.22. Note that, in principle, one has to add to this channel the 
contribution of the AZ channel discussed above with Z — vv. 
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4.3 Charged Higgs production in e^e collisions 

4.3.1 Production in the main channels 

In collisions, charged Higgs bosons can be pair produced through the exchange of a 

virtual photon and Z boson in the s channel, Fig. 4.23a, [163,173] 

e+g- ^ 7*, Z* H+H- (4.13) 

Since the coupling of the charged Higgs boson to photons is simply proportional to the 
electric charge and its couplings to the Z boson are vh = (—1 + 2s^)/(2svcCvi/) and an = 0, 
the production cross section will depend, again, only on the mass and on no other MSSM 
parameter. The analytical expression at tree-level has been given in eq. (I1.162|l . 



Figure 4-23: Feynman diagrams for charged Higgs production in e'^e collisions. 

The cross section is shown in Fig. 4.24 at two c.m. energies, ^/s = 500 GeV and 1 TeV 
as a function of Mfj±. For small masses, Mh± < 200 GeV, it is higher at lower c.m. energies 
being proportional to 1/s. At >/s = 500 GeV, it lies between 100 and 50 fb in the mass 
range Mh± = 100-200 GeV, which means that for an integrated luminosity of 500 fb“^, 
about 50.000 to 25.000 pairs can be created. For higher Higgs masses, the production cross 
section drops very quickly due to the P-wave suppression factor near the kinematical 
threshold; higher energies are thus necessary in this case. The angular distribution of the 
charged Higgs bosons follows the sin^ 6 law typical for spin-zero particle production. 

The charged Higgs bosons, if lighter than ~ 170 GeV, can also be produced in decays of 
top quarks, with the latter being produced in pairs in e+e" collisions, e+e" —>■ Y, H* —> tt] 
Fig. 4.23b. The t —^ bH^ decay branching ratio, compared to that of the expected dominant 
standard mode t —> bW~^, has been discussed in §2.3.1 and can be signihcant for low and large 
values of tan jS when the H^tb coupling is enhanced. The cross section for top quark pair 
production is of the order of cr(e+e“ —> ~ 0.5 pb at ^/s = 500 GeV and approximately 
a factor of four lower at -y/s = 1 TeV. The tt production cross section at these two c.m. 
energies, multiplied by BR(t — H^b,f H~b) [that is, the rate for producing one charged 
Higgs boson] is also shown in Fig. 4.24 for the two values tan/5 = 3 and 30. As can be seen, 
if Mh± is not to close to mt, the rates are substantial being of the same order of magnitude 
as the rates for direct charged Higgs pair production for low Mh± values. 
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Figure 4-24: The production cross sections of the charged Higgs boson in direct e'^e~ collisions 
and in decays of the top guark (for tan/? = 3 and 30 in this case) as a function of the 
mass for two values of the c.m. energy, y/s = 500 GeV (left) and 1 TeV (right). 

The signature for production can be read off the graphs displaying the branching 
ratios in §2.1.4. If Mh± < rut, the charged Higgs boson will decay mainly into Ti>r and cs 
pairs, the rvr mode being always dominating for tan (3 larger than unity. This results in a 
surplus of r final states over e, /i final states, an apparent breaking of the lepton universality 
which has been verified at the 1% level in Z decays at LEPl. For large Mh± values, the 
dominant mode is the decay tb, leading to Wbb final states. In some parts of the 

parameter space [in fact, in the intermediate-coupling regime] also the decays —>■ W^h 
and potentially —>■ AW^, with the W boson being possibly off-shell, are allowed leading 
to cascades with heavy r and b fermions in the final state. In a narrow mass range below 
2nit and for small values of tan /3, the three-body decay > t*b —> bbW is also possible. 

4.3.2 Radiative corrections to the pair production 

The one-loop radiative corrections^® to > H^H~ pair production have been calculated 

in a two-Higgs doublet model [i.e. without the SUSY particle contributions] in Ref. [487] 
and completed in the MSSM first in Ref. [488] and later in Refs. [489,490]. Some generic 
Feynman diagrams contributing to these corrections are shown in Fig. 4.25. These are, in 
fact, the same corrections that appear in the case of the associated > hA/HA processes 

except that, here, the final spin-zero state is electrically charged. 

^^The radiative corrections to top quark decays into charged Higgs bosons have been discussed in §2.3.1. 
The radiative corrections to tt production have been discussed in Refs. [524,525] in the SM and the MSSM. 
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The subclass of photonic QED corrections including ISR, can be calculated using the 
structure function approach but, in this case, final state electromagnetic corrections [as well 
as photonic box diagrams] are present. The interference between initial and final state 
corrections generate a charge or forward-backward asymmetry that is absent at tree-level, 
since the angular distribution behaves as sin^ 9. The QED radiative corrections can decrease 
the cross section by several 10% depending on the cut on the photon energy and the mass. 
Being large, they have to be resummed for the leading terms using the usual techniques. The 
pure weak corrections, similarly to the HZ and HA processes discussed previously 

[although, here, the renormalization of the mixing angle a is not needed since the angle does 
not occur at the tree-level; however, to absorb the large corrections at higher orders, the 
renormalized a and the corrected MSSM Higgs masses should be used when they appear in 
the one-loop corrections], consist of: 

i) Loops which contain gauge bosons, together with electrons and neutrinos, and Higgs 
bosons which contribute to the initial and final state vertices [Higgs bosons contribute sig- 
nihcantly only to the final state vertices], as well as self-energy and box diagrams. The 
induced corrections are of similar nature as those affecting neutral Higgs boson production 
and are moderate in general, except at high energies where corrections that are proportional 
to log^(s/M^) and log(s/M^) appear. 

ii) Loops of top and bottom quarks and their SUSY partners which contribute to the 
final state corrections. These corrections can be very large, in particular when tan (3 is small 
or large giving rise to enhanced Higgs couplings to, respectively, top and bottom quarks. 
In addition, top squark loop contributions can be significant for large values of the mixing 
parameter At which can strongly enhance the Higgs couplings to top squarks. Strong Higgs 
couplings to bottom squarks can also be present for large tan (3 and /i values. 

Hi) Finally, there are many diagrams involving the contributions of charginos, neutralinos, 
selectrons and sneutrinos in self-energy, vertex and box corrections. They lead in general 
to small corrections to the total cross sections, at most a few percent, but they generate a 
forward-backward asymmetry. 
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Figure 4-26: The one-loop weak correetions to (j{e'^e~ H^H~) in the MSSM for Mh± = 

220 GeV at ^/s = 500 GeV and Mh± = 300 GeV at ^/s = 800 GeV; from Ref. [489]. Left: 
as a function of tan (3 for fi = Ms = Aq = Mi = M 2 = 1 TeV and right: as a function of 
the bottom sguark mass parameter with the other parameters as given in the frame. 

The impact of the pure electroweak corrections to the H^H~ cross section in the 

MSSM is exemplified in Fig. 4.26 at two c.m. energies and charged Higgs masses, ^/s = 500 
GeV for Mh± = 220 GeV and -/s = 800 GeV for Mh± = 300 GeV. In the left-hand side, 
they are shown as a function of tan/3 when all the SUSY particles are heavy, with masses 
of about 1 TeV, and almost decouple. The corrections are moderate for tan (3 values in the 
range 1 < tan/3 < 30 where they are mostly driven by the gauge couplings and the Higgs 
self-couplings and they do not exceed the ±5% level. However, for larger values of tan/3 
when the H^th is strongly enhanced, they are significant and reach the level of —15% for 
tan /3 ~ 50 in this scenario. In the right-hand side of the figure, the relative corrections are 
shown as a function of the sbottom soft SUSY-breaking mass parameter for tan /3 = 40 and 
different choices of the other SUSY parameters. For relatively low squark masses, < 500 
GeV, the corrections are positive and rather large even for SUSY particles that are too 
heavy to be directly produced at the given e+e“ c.m. energy. In all cases, the generated 
forward-backward asymmetries are at the level of a few percent. 

In fact, the large electroweak corrections are of the Sudakov type [490,491], quadratically 
as well as linearly proportional to the logarithm of the c.m. energy, log(s/M^), and in 
principle can be resummed to all orders. In the TeV energy range, one can perform for the 
radiative correction A(s) = o-i-ioop/^jBorn _ following asymptotic Sudakov expansion 

including all the double and single logarithms [490] 
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where the last term Arem('S), called the next-to-subleading correction in Ref. [490], encapsu¬ 
lates the remaining corrections. A detailed study of this correction shows that, except near 
kinematical thresholds, it is practically constant and depends only very mildly on the SUSY 
parameters and on the c.m. energy [at very high masses, this is obvious since the SUSY 
particles should decouple from the cross section]. 

Thus, by subtracting the known double and single logarithms which depend only on s, 
and measuring the production cross section at different c.m. energies, one obtains the slope 
of the cross section which depends essentially on the logarithmic term that is proportional 
to tan/3, allowing for an indirect determination of this important parameter. Assuming a 
statistical error of the order of 1% on the cross section and, including also an error from 
the small variation of the remaining correction Ai.em(s), a measurement of tan/3 can be 
performed at the level of a few 10%. This is shown in Fig. 4.27 where the percentage error 
on the determination of tan jS for various tan jS values is shown in the scenarios where the 
SUSY particles are very light, relatively light and when the parameter fi is large. The 
error bars are for the statistical and remaining theoretical error on the cross section and 
the vertical line corresponds to the point where the radiative correction starts to exceed the 
level of 10%. As can be seen, under these assumptions, a determination of tan/3 with an 
accuracy of less than 10% is possible for tan/3 > 30. Note that the same procedure can 
be applied in the case of associated HA production close to the decoupling limit since the 
Sudakov expansion of the e’''e“ HA cross section is essentially the same. 



Figure Percentage error on the determination o/tan/3 as a function o/tan/3 for the 
production of charged Higgs boson pairs with masses Mh± ~ 260 GeV in the energy range 
y/s =0.8-1 TeV in the three scenarios: /r = 300 GeV and = 100 GeV (L), /i = 300 GeV 
and M2 = 200 GeV (A) and fi = 400 GeV and M2 = 200 GeV (B); from Ref. [490]. 
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4.3.3 Detection and measurements in e’''e collisions 

In the low mass range, Mh± ^ rrit, the charged Higgs particles can be produced both directly, 
> H~^H~, and in top quark decays, t 6ih+. In the latter case, the search can be 
performed in the channels ti ^ bbW^H^ or bbH^H~, the hrst channel leading to 

more statistics since the standard decay mode t —>■ bW is expected to be dominant. As at 
the Tevatron and the LHC, the signal consists into a surplus of rz/ hnal states compared to 
eu and fiu hnal states since the decay H~ —tv is dominant in this mass range. In direct 
pair production, the hnal state consists of + ^ and, to a lesser extent [for rather low 
values of tan/3], csr+ ^ and cscs hnal states. The search is a straightforward extension 
of the one performed at LEP2 and discussed in §1.4.2. In Ref. [526], it has been shown 
that if its mass is not too close to the two kinematical thresholds, Mh± = rrit — mb and/or 
Mh± = l-y/s, a charged Higgs boson cannot escape detection in e+e“ collisions, even for 
integrated luminosities as low as 10 fb“^. 

For larger masses, Mh± > m^, the relevant process is charged Higgs pair production with 
their subsequent decays into tb pairs, —*■ H^H~ —> tibb —> bbbhWW. Eventually, one 

could in addition use the decays —>■ hW^ which lead to the same hnal states and, also, 
still the decay channel H~^ —>■ rz/ which, as discussed in §2.1.4, has a branching ratio of the 
order of 10% for large enough tan/3. In Ref. [527], a detailed simulation has been performed 
in the main channel —*■ H^H~ tbtb for a charged Higgs boson with a mass Mh± = 

300 GeV at a c.m. energy y/s = 800 GeV; the possible events from the > hW^ decays 
with Mh ~ 120 GeV have been included. By using 5-tagging and the mass constraints on 
the intermediate t, W and eventually h states, the background can be reduced to a low 
level. The combinatorial background due to jet-jet pairing ambiguities in the signal can 
also be resolved, since the 5-tagged jets cannot come from W decays. From the mt and 
M\y constraints, the resolution on the charged Higgs boson mass is estimated to be of the 
order of 10 GeV. With a luminosity of 500 fb“^, the analysis gives 120 signal events on an 
estimated background of 50 events. This is shown in Fig. 4.28 where the dijet invariant mass 
distribution for the candidate signal events is displayed. 

The product cr(e+e“ — H^H~) x BR(i7+i7“ —»■ tbtb) and the charged Higgs mass Mh± 
can be then obtained from a likelihood ht to the reconstructed mass distribution with the 
number of signal events, the mass resolution and Mh± as free parameters. The resulting 
statistical uncertainty on the charged Higgs mass is AMh± ~ ±1 GeV and that on the 
production cross-section times branching ratio is Acr(e+e“ —> H^H~) x BR(i7+i7“ —> 
tbtb) < 15%. Note that in the same analysis, it has been shown that a 5a discovery will be 
possible for masses up to Mh± ~ 350 GeV for the assumed energy, y/s = 800 GeV, and 
integrated luminosity, C = 500 fb“^. Above this mass value, the statistics become too small 
since the cross section drops as a result of the /3^ suppression near the production threshold. 
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Figure 4-28: The dijet invariant mass distribution for e'^e~ —> H'^H~ —^ tbfb eandidates for 
Mh± = 300 GeV after applying the intermediate W and t mass and the egual mass final 
state constraints for 500 fb~^ data at y/s = 800 GeV; from Ref. [470j. 

The process e’''e“ — H^H~ —> tbfb can also be used for the determination of the value 
of tan 13. Indeed, while the production cross section is independent of tan (3 at the tree-level, 
the branching ratio t —> bH^ has a significant dependence on this parameter, in particular 
for low values tan (3 < 5 where there is a competition between the fb and tu decay modes. 
At higher tan (3 values, the ratio of the two previous branching fractions is approximately 
given by 3fhl/m'^ ~ 10 and does not depend on this parameter. Instead, the total decay 
width of the charged Higgs boson is very sensitive to tan/3 in this case, being proportional to 
the combination r{H^) oc ml taiV (3 + mf cot^ (3. One can thus combine the t bH^ decay 
branching ratio measurement that is given by the event rate in e^e“ —*■ H^H~ —> tbfb and 
the measurement of the total decay width which can be resolved experimentally to probe 
this parameter in the entire possible range 1 < tan/3 < 60. 

In Ref. [494], a simulation of this process has been performed for a c.m. energy ^/s = 500 
GeV along the same lines discussed for the associated —>• bbA process where some 

details for the treatment of the backgrounds have been given. It has been shown that for 
Mh± 200 GeV, the signal process can be isolated with an efficiency of ~ 2% with almost 
negligible backgrounds. For the measurement of the total decay width, each tbfb event is 
counted twice, since one looks at both and H~ decays and only 75% of the events 
are accepted, the remaining ones which lie in the wings of the mass distributions, lead to 
wrong jet-pairing. The resolved width is the quadratic average of the natural width and the 
detector resolution, which is estimated to be Rj-^s = 5 GeV with a 10% systematical error. 

In the left-hand side of Fig. 4.29, shown are the la bounds on tan/3 that are based 
on the measurement of the resolved decay width and the e’''e“ —> tbfb event rate; an 
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integrated luminosity of 2 ab“^ has been assumed. The expected accuracy is also shown for 
Mh± ~ Ma ~ 200 GeV and maximal mixing in scenarios where all SUSY particles are too 
heavy for to decay into (I) and Ms = 0.5 TeV and /i ~ 2 M 2 ~ 250 GeV, leading to 
light charginos and neutralinos so that the decay occurs with signihcant rates 

(II). As expected, in the low tan/3 range, a better measurement is provided by the tbib rate 
while, in the high range, a good precision is achieved from r^±. In both cases, the accuracy 
is at the level of Atan/3/ tan/3 ~ 10-20%. In the intermediate range, 10 < tan/3 < 50, the 
accuracy is much worse, except in scenario (II) where the decays into SUSY particles allow 
for a reasonable measurement of —>■ th) up to values tan/3 < 30. 


Determination of tan/S: >,^=500 GeV, L=2000 fb 


Determination of tan|ff: Vs^=500 GeV, L=2000 fb 
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Figure 4-29: Left: Expected precision on tan/3 fla bounds) based on T{H^) and the tbib 
rate for a scenario Mg = 1 TeV, p, = M 2 = 250 GeV (I) and Ms = 0.5 TeV, /r ~ 2 M 2 ~ 250 
GeV (II) with Mh± ^ Ma = 200 GeV, a/s = 500 GeV and C = 2 ah~^. Right: the precision 
when the measurements in e~^e~ —>■ H^H~ —tbib are combined with those made in e^e“ —>■ 
HA —> bbbb and e'^e~ bb + A/H under the same conditions as above; from Ref. [fdf]- 


In fact, one can perform the same analysis for the e’''e“ —> HA —> bbbb channel which is 
also sensitive to tan /3 through the A/H total decay widths [but only at high tan /3 in this case 
when they are proportional to fhl taiV /3] and through the event rate [for rather low tan /3 
values]. Except from the slight complication due to the small Ma — Mh difference at low 
tan /3, the analysis is essentially the same as in the charged Higgs case. One can also add in 
the combination, the measurement which can be performed in the > bb+A/H channels 

discussed in §4.2.2. The overall result on the accuracy on tan/3, when all measurements 
and channels are combined, is shown in the right-hand side of Fig. 4.29 with the same 
assumptions as previously. One can see that an error of a few percent can be achieved in the 
low and high tan /3 regions, while the precision is at the level of 10 to 30% for 10 < tan /3 < 30, 
except if new decay modes are allowed. Note that theoretical errors due to the different tan/3 
dependence of the processes at higher orders have to be considered too. 
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4.3.4 Higher—order processes 

There are also several higher-order mechanisms for the production of the charged Higgs 
bosons in collisions. These processes, some of which are similar to those occurring for 
MSSM neutral Higgs production at higher orders, are summarized below. 

Associated production with heavy fermions 

As in the case of neutral Higgs bosons, the associated production of a charged Higgs particle 
with a fermion-antifermion pair is primarily generated by the radiation off the heavy fermion 
lines [492]. However, there are two possibilities in this case since in the parent process, 
e+e“ —//, both isospin-type fermions can be initially produced. Fig. 4.30, and a Higgs 
boson with a given charge cannot be radiated from the two legs of the same diagram. In 
addition, the diagram where the fermion pair originates from the splitting of a charged Higgs 
particle into a ud pair contributes substantially since the initial H^H~ cross section 

is large. These process are interesting since they allow for the single production of a charged 
Higgs boson which is kinematically more accessible than the pair production process. Among 
the hnal states that are possible, the production in association with tb and tu [492,500-503] 
leads to the largest rates as a result of the enhanced Yukawa couplings of third generation 
fermions. The cross sections for the two processes are shown in Figs. 4.31 and 4.32 as a 
function of Mh± for tan /3 = 40 with the c.m. energy hxed to ^/s = 1 TeV. 



In the left-hand side of Fig. 4.31, shown are the tbtb rates originating from the total 
> H^H~ cross section folded with —>■ tb) where the top quark is allowed to 

be off-shell, the rate for the tbH^ signal when all involved heavy particles [t, W, H~^] are 
on-shell, the complete set of contributions where all particles are allowed to be off-shell 
and, hnally, the main background events originating from e^e“ —*■ tig* —>■ tibb. The main 
differences arise at the two thresholds: for Mh± ~ rrit, where one can notice the effect of the 
hnite widths of the heavy particles and for Mh± ~ where the main effect is due to the 
total width, V{H^) r'U 10 GeV, and the additional events from associated production. 

In Ref. [502], a parton-level analysis of the signal and the background has been performed 
in the hnal state topology bb + ti ^ bb + bbW^W~ —> 55 + bbjjiu, with the signature being 
four 5-quarks to be tagged, two jets, a charged lepton and the missing energy due to the 
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Figure 4-31: Left: The total cross sections for e~^e~ H^H~ tbib in various approxima¬ 
tion as a function of Mh± for tan/3 = 40 at a/s = 1 TeV. Right: Statistical significance of 
the signal yielding the Abjj&fi signatures after cuts, with a luminosity of 1 ab~^ and several 
tan/3 values; the 3a evidence and the 5a discovery thresholds are shown and, in the insert, 
the threshold region Mh± ~ ^ enlarged. From Ref. [502]. 

escaping neutrino [for which one can in fact reconstruct the longitudinal momentum, even in 
the presence of ISR]. The statistical signihcance of the signal is shown in the right-hand side 
of Fig. 4.31 as a function of Mh± at the same energy but for various tan /3 values. As can be 
seen, it drops sharply from the otherwise large values near the two kinematical thresholds. 
However, as shown in the insert to the figure which zooms on the y/s = 2Mh± threshold 
region, a 5a discovery or a 3cr evidence for the signal is still possible for Mh± values slightly 
above the threshold if the value of tan/3 is either large, tan/3 ~ 40, or small, tan/3 ~ 1. 

The situation is slightly more encouraging in the case of associated production with ru 
pairs [503], although the process is relevant only for high values of tan/3. While the cross 
section, shown in the left-hand side of Fig. 4.32 in the same configuration as previously, is 
smaller than in the tb case for the associated production part, there is a compensation due 
to the choice of the signal topology. In this case, the signal is > t~vFI^ — T~uth — ^ 

T~h'bbW leading to a final state consisting of 4 jets [when the W boson is required to decay 
hadronically and no 6-tagging is assumed], a r lepton which is tagged as narrow jet in its 
one prong hadronic decay and missing transverse momentum. The main background will be 
due to top quark pair production where one of the W bosons decays hadronically while the 
other one decays into tu pairs. Again, in a parton level simulation which takes advantage 
of the r polarization, it has been shown that the background can be reduced at a low level. 
The signihcance of the signal, shown in the right-hand side of Fig. 4.32, extends by 20-30 
GeV beyond the kinematical reach of Higgs pair production. Combining this channel with 
the tbH^ channel discussed above should lead to better results. In fact, one should also 
include the process to which we turn now. 
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Figure 4-32: Left: the cross sections for e~^e~ — H^H~ —> thru production in various 
approximation as a function of Mh± for taxi(5 = 40 at ^/s = 1 TeV. Right: statistical 
significance of the signal yielding the Aj rlfi signatures after cuts, with luminosities of 1 and 
5 ah~^ with the 3a evidence and the 5a discovery thresholds; from Ref. [503], 

Associated production with a W boson 

The process is mediated by loop diagrams involving both SM and MSSM 

particles. There are diagrams where W^W~ pairs are prodnced with one of the W bosons 
tnrning into an boson via a self-energy insertion, '-y{Z)W'^FI^ vertex diagrams as well 
as box diagrams; Fig. 4.33. The calculation has been performed some time ago [504] in a a 
two-Higgs doublet like model (2HDM), that is, including only the contributions of the SM 
and MSSM Higgs particles, and completed more recently [505] by evaluating the additional 
contributions of the SUSY particles. 
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Figure 4-33: Generic diagrams for the 0{a^) process e’''e —*■ . 

It turns out that the largest contributions are due to the vertex diagrams in which loops 
of third generation quarks and squarks that couple strongly to the charged Higgs boson 
are involved. In particular, top/bottom loops have a large impact at low and large tan/? 
values when the H~tb coupling is strong, since the cross section scales as a oc m^cot^ (3 
or m^tan^/?; the rates might also be enhanced by threshold effects as shown in the 2HDM 
curve of Fig. 4.34. If SUSY particles are light, they can enhance the cross sections by several 
orders of magnitude as shown by the MSSM curve which includes the SUSY contributions 
with rather low squark masses, Ms = 350 GeV, and large stop mixing, Xt = —800 GeV. 
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Figure 4-34: The cross section for e'^e~ —> [in fb] for a c.m. energy \fs = 500 GeV 

as a function of Mh± (left) and tan/3 (right) with the predictions of the MSSM with light 
SUSY particles and the corresponding MSSM-like 2HDM; from Ref. [505], 

Thus, besides the fact that its cross section is not particularly suppressed beyond the 
kinematical threshold for Higgs pair production, the channel might allow, in addition, 

to probe the SUSY quantum effects. The signal essentially consists of thW hbWW and 
the main background will be, thus, tt production which can be substantially reduced by 
kinematical constraints. The strategy to detect the signal has been sketched in Ref. [500] 
and the prospects are not entirely hopeless provided the rates are not prohibitively small. 

Other subleading processes 

There are also higher-order processes for single production but with cross sections [500] 
that are even smaller than those of the processes discussed above. Among these, are the 
associated production with a Z boson or neutral Higgs bosons ^ = h, H or A, 

e+e“ ^ (4.15) 

which leads to a surplus of bbW^H^ hnal states which are discussed in Ref. [500] and 
associated production with W/Z and <h bosons in vector boson fusion type processes, 

e+e“ ^ IR^TT^e+e", H^Ze^n, H^^e^n (4.16) 

similarly to the SM Higgs case but with much smaller rates. In addition, there is a process 
which can be generated through the one-loop H^WZ and H^W'^ vertices [500,506], 

e''"e“ —> H^e^u (4-17) 
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4.4 The SUSY regime 


If SUSY particles are light, they can alter in a signihcant way the physics of the MSSM 
Higgs bosons at e’''e“ linear colliders, not only indirectly through loop contributions as has 
been exemplihed several times in the preceding sections but, also, directly at the production 
level. This topic has been touched upon only marginally up to now, except for a handful 
of examples that we summarize below. We mainly focus on the case of the lighter Higgs 
boson which will presumably be more favored by phase space considerations but we will also 
mention a few items for the heavier Higgs particles. 

4.4.1 Decays into SUSY particles 
Invisible decays of the neutral Higgs bosons 

Invisible decays of the h boson in the MSSM, that is, decays into the LSP neutralinos^® can 
be searched for in e’''e“ collisions in two ways [470,528,529]: 

i) The recoil mass technique in the strahlung process, e’''e“ —> Zh —*• allows to 

probe the h boson independently of its decays. Thus, by comparing the event rate 
in the recoil mass peak with the rate of all visible events that have been searched for 
directly in the relevant topologies, one could extract the invisible decay width. 

ii) One can look at the e’''e“ —*■ hZ process and explicitly ask for missing energy and 
missing momentum compatible with an invisible Higgs decay. Of course, this direct 
technique is expected to be highly superior to the indirect method i). 

The same techniques hold for the heavier H boson when its couplings to the Z boson are 
not too strongly suppressed. In the case of the A boson, one has to consider the e’''e“ —> hA 
or HA processes and look for the visible decays of the CP-even Higgs particles. 

In Ref. [528], a detailed simulation has been performed for the process > Z/i —> Z+ 

1^ in the environment expected at the TESLA machine with a c.m. energy of 350 GeV and 
an integrated luminosity of 500 fb“^. The output of the analysis is shown in Fig. 4.35 where 
the achievable accuracy of the measurement of the invisible branching ratio BR(/i —> XiXi) is 
displayed as a function of the branching ratio itself for three mass values, Mh = 120,140 and 
160 GeV. As can be seen, a 2-3% measurement can be performed for an invisible branching 
ratio that is larger than ~ 20%, while a branching ratio of ~ 5% can be measured at the 
level of 10%. The hgure also shows that the direct measurement of the rate (dashed lines) 
gives a much better accuracy than the indirect method (large dots). Note that the invisible 

Another possible invisible channel of the lighter h boson is the decay into sneutrinos, h vv^ that are 
lighter than the charginos and thus would decay exclusively into neutrino and LSP neutralino final states, 
V ^ which also escape detection. However, in view of the lower limit on the masses of the left-handed 
sleptons from the negative LEP2 searches, > 100 GeV, which are related through SU(2) symmetry to 
the sneutrino masses, these decays are now kinematically closed in the MSSM. 


268 





BR(H^inv.) 

Figure 4-35: The expected accuracy on the invisible branching ratio BR(h —>• XiXT) o,s a 
function of the branching ratio itself for three Higgs mass values, = 120,140 and 160 
GeV using 500 fb~^ data at a c.m. energy ^/s = 350 GeV (full lines). The other lines 
indicate the individual contributions to these curves from the measurement of the invisible 
rate (dashed lines) and from the total Higgs-strahlung cross section measurement (dotted 
line). The large dots are the result of the indirect method [470]; from Ref. [528]. 

Higgs decay can be observed at the 5(T level down to a branching ratio of ~ 2% for this Higgs 
mass range at the considered energy and luminosity. 

Higgs decays into SUSY particles 

To investigate the decays of the heavier neutral and charged Higgs bosons into SUSY particles 
in the main production processes, e+e“ —> HA and > H^H~, one has to look for hnal 

states where one of the Higgs bosons decays into standard modes [mainly tt and bb for 
the neutral and tb for the charged Higgs particles] while the other one decays into charginos 
and/or neutralinos as well as into top and/or bottom squarks [40,61]. As discussed previously 
[see Fig. 2.35], the decays into the other squarks are disfavored either by phase space or by 

the small couplings, while the branching ratios into sleptons are always small and can be 

safely neglected in this discussion. 

Here, we only briefly comment on the case where one of the Higgs bosons decays into 
chargino and neutralino pairs, 

e^e“ —»■ HA —> [tt or bb] [x~^X~ or x^X^] 

e'^e~ —> H^ H~ ^ [th or hf\ [x~X^ or x~^X^] (4-18) 

The HA production cross sections times the branching ratios for these decays is exemplihed 
in Fig. 4.36 as a function of Ma at a c.m. energy ^/s = 1 TeV in a scenario where the 
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parameter /i is large such that only decays into the lighter chargino and neutralinos are 
allowed by phase-space, fi = 2 M 2 ~ 4Mi = 400 GeV; the squarks and the sleptons are 
assumed to be very heavy. For the chosen tan (3 = 5 value, both the bb and tt decays [when 
kinematically allowed] have substantial branching ratios. In the left-hand (right-hand) side 
of the hgure, shown are the branching ratios for the visible HA bbbb {HA —»■ tttt) modes 
and for the mixed decays HA —> bbxx {HA —> tixx)- As can be seen, the cross section 
times branching ratios for the later decays and, particularly when the H/A ^ bh modes are 
selected, can be signihcant and should be easily detected in the clean environment and for 
the luminosities C ~ 0{1 ab~^) that are expected at these machines. As discussed in §2.2.3, 
the lightest chargino Xi next-to-lightest neutralino X 2 decay into the LSP and [possibly 
virtual] W, Z and the lightest Higgs boson h. In the limit of large |/i|, the partial widths of 
these decays have been given in eq. (ET7I) in the decoupling limit. 




Ma [GeV] 


Figure 3.36: The cross sections times branching ratios for the production of HA states with 
the subseguent decays of one of the Higgs bosons into chargino/neutralino pairs and bb (left) 
and ti (right) pairs as a function of Ma at a c.m. energy of 1 TeV; the MSSM parameters 
are tan/3 = 5, = 1 TeV with maximal stop mixing and pi = 2 M 2 = 400 GeV. 


In the case of the H^ boson, the cross section times branching ratio for ^ H~^H~ 
tbx^X^ is shown in Fig. 4.37 for the same scenario as previously (solid lines). Because the 
branching ratio BIi{H~^ —> th) is large, only the decay H~^ —> xtXi has a sizable rate, and the 
rate exceeds the fb level when the phase space is not too penalizing. The decay H~^ XiX 2 ^ 
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although allowed by phase space at large Mh±, has a too small rate in this case. For negative 
jj, values, the charginos and neutralinos are less mixed than for positive /i and, hence, have 
couplings to the Higgs bosons that are suppressed. The masses of the states are also larger 
than for p > 0, resulting in smaller branching ratios. For lower /i values, p ~ ±200 GeV, the 
decays into almost all ino species are possible and the cross sections times branching ratios 
for these decays are larger than in the previous scenario. 



Figure 4-37: The cross sections times branching ratios for the production of H^H~ states 
with the subseguent decays of one of the Higgs bosons into the sum of chargino/neutralino 
pairs and the other into tb states as a function of Mh± at a c.m. energy of 1 TeV; the MSSM 
parameters are as in the previous figure but with p = 2 M 2 = ±200, ±400 GeV. 

Note that, as discussed in §2.2.3, when all chargino and neutralino decay channels are 
open, the branching ratios BR (*h —> X] XX) ^ire approximately the same for ^ = H, A and 
H^. The production rates for H,A bosons decaying into inos [for say, /i = ±200 GeV] is 
simply given by the magnitude of the HA cross section relative to that of H^H~. 

4.4.2 Associated production with SUSY particles 

The neutral h boson can be produced in association with the neutralinos and charginos if 
the latter particles are light enough to be accessed kinematically. In particular, associated h 
production with the LSP neutralinos, > hxiXi^ is the most favored process by phase 

space. In this process, the Higgs boson can be radiated off the neutralinos and virtual Z lines 
in the s-channel process > Z* —> XiXi^ well as from the neutralino and selectron 

lines in the f/n-channel diagrams. However, all these couplings are rather small and the 
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cross sections never reach the level of 0.1 fb even for sparticle masses with values close to 
their experimental limits [507]. The production in association with the lighter chargino, 
> hxiXi is more promising [508] because the h couplings to the Xi [and even to the 
ns which are exchanged in the f-channel] are larger and the exchange of the photon in the 
s-channel enhances substantially the cross section of the e+e“ —*• xtXi parent process. 



Figure 4-38: The total cross section for the associated production process e'^e~ —> hxtxi 
the PL-M 2 plane at ^/s = 500 GeV for tan/3 = 3 and 30; the maximal mixing scenario with 
Ma = 500 GeV is assumed; from Ref. [508], 

This channel has been recently discussed [508] in the case of very large slepton masses, 
where one has to consider only the s-channel diagrams. In Fig. 4.38, the production cross 
sections are shown in the PL-M 2 parameter space at a c.m. energy a/s = 500 GeV for 
two values tan/3 = 3 and 30 in the maximal mixing scenario and in the decoupling limit, 
Ma = 500 GeV. The shaded areas in the fi-M 2 plane are those in which non-resonant 
e+e” —> hxtxi production is kinematically possible at this energy. As can be seen, for 
moderate and positive values of p and small to moderate value of M 2 , for which the charginos 
xf are mixtures of gaugino and higgsino states and not too heavy, the cross sections can 
almost reach the fb level. 

Much larger cross sections can be obtained in associated Higgs production with third 
generation sfermions [446,507,509]. As discussed in §1.2.4, for large mixing in the stop 
[in particular, for large values of Xt = At — /icot/3] and sbottom/stau [large values of 
= Ab^r — R tan /3] sectors, there is a strong enhancement of the h couplings to these 
particles. The mixing, incidentally, induces a large splitting between the sfermion eigenstates, 
allowing one of them to be light and potentially accessible kinematically. 

The cross sections for the processes —>• hiiii at a/s = 800 GeV and > hfifi at 


272 






[GeV] 



rrif^ [GeV] 


Figure 4-39: The associated production cross sections of the lighter h boson with sfermions as 
a function of their masses: a{e'^e~ —> htiti) for several values of At at y/s = 800 GeV [446] 
(left) and a{e'^e~ —> hfifi) for /i = —Ar = 500 GeV and tan/3 = 50 at y/s = 500 and 800 
GeV [507] (right). In both cases, the decoupling limit has been assumed. 


a/s = 500 and 800 GeV are shown in, respectively, the left- and right-hand sides of Fig. 4.39 
as a function of the sfermion masses in various scenarios that are indicated in the captions. 
As in the case of pp —> hiiii at the LHC, the cross sections for associated Higgs production 
with the lighter top squarks, can be signihcant for large values of At and small mi^. For stop 
masses below ~ 200 GeV they can exceed the femtobarn level for ~ 1 TeV and are thus 
comparable to the hti cross section. For associated production with f’s, the cross sections 
are smaller; still, for < 140 GeV and tan/3 > 50, they can reach the level of 0.1 fb. 


4.4.3 Production from the decays of SUSY particles 

The lighter Higgs boson can also be produced in the decays of SUSY particles if the latter 
are kinematically accessible at the collider. As discussed in §2.3, if the splitting between 
the two third generation sfermion eigenstates is large, it could allow for the decays of the 
heavier sfermion into the lighter one plus a Higgs boson. In the case of the top squark for 
instance, mixed HU production can take place through Z-boson exchange [photon 

exchange is forbidden by U(1)qed symmetry], with the subsequent decay t 2 —> G plus a 
Higgs boson. In fact, this process is the resonant counterpart of the associated e+e“ —> ipiih 
process discussed above and can provide much larger event rates. 
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Such a situation is illustrated in Fig. 4.40, where the cross section a(e~^e~ —> times 

the branching ratio BR(t 2 —> iih) is shown as a function of the ti mass at a c.m. energy 
of ys = 800 GeV in an mSUGRA scenario with tan/3 = 30, mi /2 = 100 GeV, Aq = —600 
GeV and sign(/i) = +. As can be seen, the cross section can reach the level of 1 fb for 
relatively small values, leading to more than one thousand events in the course of a few 
years, with the expected integrated luminosity of J £ ~ 500 fb“^. The dotted lines show the 
contribution of the non-resonant contributions which is very small in this case. 



[GeV] 


Figure 4-40: The cross section a{e^e~ —>• titih) at y/s = 800 GeV as a function of in 
an mSUGRA scenario with tan/3 = 30, mi /2 = 100 GeV and Aq = —600 GeV. Shown are 
the resonant piece and the cross section in the continuum; from Ref. [446]- 

Finally, a copious source of Higgs particles might be provided by the cascade decays of 
charginos and neutralinos which can be produced in e'''e“ collisions with large rates. Indeed, 
the production of identical chargino pairs is mediated by photon as well as Z boson exchange, 
and has always a large cross section, even in presence of the possible negative interference of 
the f-channel sneutrino exchange. Neutralino production proceeds only through s-channel Z 
boson exchange [as is the case for mixed chargino pairs] and f/n-channel selectron exchange 
and the cross section is in general smaller, in particular, for gaugino like states [which have 
very small couplings to the Z bosons] and heavy sleptons [which suppresses the contribution 
of the t/n-channel diagrams]. In addition, as discussed in §2.3, charginos and neutralinos 
can have large decay branching ratios into Higgs bosons. 

To our knowledge, a detailed study of this possibility has not been performed for e+e“ 
colliders. We have thus started a study of this possibility [510] and we show in Fig. 4.41 
some preliminary results of the possible production rates for such mechanisms. Fixing the 
two Higgs sector parameters to Ma = 120 GeV and tan/3 = 5, we show the cross sections 
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times branching ratios for the processes that are allowed by phase space as a function of p 
when the other relevant parameters are set to M 2 = 2Mi = 250 GeV at ^/s = 500 GeV (left) 
M 2 = 2Mi = 300 GeV at = 800 GeV (right); the common squark and slepton masses 
are taken to be 1 TeV and 300 GeV and maximal stop mixing is assumed. 
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Figure 4-4^■ The cross sections times branching ratios for the production of MSSM Higgs 
bosons from the decays of X 2 Xm' the MSSM parameters are Ma = 120 GeV, tan/? = 5, 
mq = 1 TeV and maximal mixing is assumed. Left: h production for M 2 = 2Mi = 250 GeV, 
mi = 250 GeV and a/s = 500 GeV and right: H,A and production for M 2 = 2Mi = 
mi = 300 GeV and a/s = 800 GeV; from Ref. [510]. 

In the left-hand side of the hgure, \/s is fixed to 500 GeV and only the processes involving 
and X 2 kinematically possible. In addition, only the decay xH is allowed since 

Mh < m^o — m^o < Ma and the branching ratio is close to unity since the other two- 
body decay mode, X 2 is suppressed the two neutralinos being gaugino-like. The 

> X 2 X 1 cross section leads to an almost constant and large a x BR(x5x5’/i). In turn, 
cr(e'''e“ —> X 2 X 2 ) is suppressed for increasing /i values as X 2 approaches the phase-space 
limit m^o ~ 250 GeV. Still, a x BR(xiX 2 ^) ^'Cid even a x BR{xiXihh) have signihcant rates. 
In the right-hand side of the hgure, the c.m. energy is increased to a/s = 800 GeV and 
the value of M 2 is slightly larger, allowing for the decays into the heavier Higgs bosons to 
take place as well. The rates are also large, exceeding the fb level in most of the cases 
that are displayed. The highest rate is originating from cr(e“''e“ —> XiXi) ^ the process is 
mediated by photon exchange which occurs with full strength. Thus, when the chargino is 
accessible and the decay Xi H~^Xi is kinematically allowed, the rate for production 
from chargino decays can be comparable to the one from direct production in e'''e“ collisions. 


275 












4.5 s— channel Higgs production at 77 and colliders 

4.5.1 Strengths and weaknesses of e'^e~ colliders for MSSM Higgs bosons 

As should be clear from the preceding discussions, e+e" linear colliders with energies in the 
range 300-500 GeV to be extended to 1 TeV, and a luminosity a few times 10^'^cm“^s“^, are 
ideal instruments to search for the Higgs bosons of the MSSM. As far as the direct searches 
of the particles are concerned [we will comment on the impact of the precision measurements 
in the forthcoming section], the discussion can be summarized as follows. 

The lighter CP-even Higgs particle h can be detected in the entire range of the MSSM 
parameter space either through the Higgs-strahlung process, e’''e“ —> hZ, or through pair 
production, > hA. In fact, this conclusion holds true even at a c.m. energy of 300 

GeV, independently of the other parameters of the MSSM such as the squark masses and 
tan jS and also if invisible neutralino decays are allowed for. The missing mass technique in 
Higgs-strahlung plays a key role in this context and, since the cross section scales as 1/s, 
it is preferable to operate the collider at low energies, ^/s ~ Mz + V2Mh, where the event 
rate is maximal. The properties of this particle can be measured with a very high degree of 
accuracy, as was shown for a SM-Higgs boson in the mass range 100-150 GeV. 

There is a substantial area of the MSSM parameter space where all the neutral and 
charged Higgs bosons can be discovered at these colliders. This is possible if the mass of 
the pseudoscalar A boson which, at this stage, is approximately equal to the masses of 
the heavier neutral CP-even and charged Higgs bosons, M 4 ~ Mh ~ Mh±^ is less than 
the collider beam energy, ^ This is because the only two channels which are 

relevant at high masses, in particular for high tan (3 values, are the pair production processes 
> HA and > H^H~. Again, when these channels are kinematically accessible, 

it is preferable to operate the e''“e“ collider at not too high energies since the production 
cross sections also drop like 1/s. In turn, when the particles are heavier than |a/s, one 
simply needs to raise the energy of the collider up to the kinematical threshold. 

If the SUSY particles are not too heavy, they could affect in a signihcant way the phe¬ 
nomenology of at least the heavier H, A, bosons [and that of the h boson, but only 
indirectly except for very light LSPsj. The production cross sections and the decay branch¬ 
ing ratios can be altered via loop contributions of SUSY particles and, potentially, Higgs 
decays into and/or associated production with these particles might be observed. This would 
provide a unique opportunity to access the Higgs couplings to superparticles which are of 
special importance since they probe both the electroweak symmetry and the Supersymmetry 
breaking mechanisms. The possible determination of these couplings in the clean environ¬ 
ment of colliders would help to reconstruct the SUSY Lagrangian at the EWSB scale 
which would then allow the structure of the fundamental theory at high scales to be derived. 
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However, there are also a few situations which cannot be addressed and some questions 
which cannot be answered in a satisfactory way at e+e“ machines and either at the LHC: 

i) The total decay widths of the Higgs particles cannot be measured with a very good 
accuracy. The width of the h boson in the decoupling regime is too small to be resolved 
experimentally while the widths of the H, A, bosons can be probed only at relatively 
high masses and for small or large values of tan (3 since they rise as r$ oc {mf cot^ (3 + 

(3)Mq,. This is shown in Fig. 4.42 where the H/A total widths are displayed in the 
range Ma = 250-500 GeV for several tan f3 values. Since for heavy SUSY particles, these 
Higgs bosons decay mostly into t, b and eventually r states, the width measurements [in 
particular when they are small, i.e. for the intermediate values 5 < tan/3 < 15] suffer from 
the poor experimental resolution on these fermions. In fact, this problem is a sequel of the 
usual difficulty of measuring tan (3 with a satisfactory accuracy in its entire range. 

ii) Close to the decoupling limit, the difference between the masses of the scalar H and 
the pseudoscalar A bosons is rather tiny, as shown also in Fig. 4.42 where the Mh — Ma 
difference is displayed as a function of Ma for selected tan (3 values. The same problem arises 
in the anti-decoupling regime, where the lighter h particle will play the role of the H boson. 
At high tan/3, as well as at low tan/3 when the H/A masses are beyond the tt threshold, the 
two Higgs particles will have essentially the same decay modes and total widths. Since they 
are generally produced in pairs, the two Higgs bosons cannot be discriminated. 

Hi) The fact that in the decoupling limit, the H/A bosons can only be produced in pairs 
generates an additional problem: the mass reach of the collider is Ma ^ In this 

regime, this is also the case for the charged Higgs boson as Mh± ~ Ma and for these Ma 
values, single H production in WW fusion is suppressed by the small gj/vv coupling while 
associated H/A/H^ production with heavy fermions does not allow to significantly exceed 
the beam energy. At the first stage of the planned colliders, the mass reach is thus 

limited to Ma ~ 250 GeV. In §3.3.2, we have seen that at the LHG, there is a signihcant 
range of tan (3 values, 3 < tan (3 < 10-20, in which only the lighter h boson is accessible for 
Ma 250-500 GeV, even after collecting a large luminosity. The H/A/H^ bosons could be 
thus only slightly heavier than 250 GeV without being observed at the LHG or at a 500 GeV 
e+e” collider. Of course, for such Higgs mass and tan/3 values, the effects of these particles 
would be visible in the couplings of the lighter h boson, but one would have to wait for the 
SLHG or for the higher-energy stage of the e’''e“ collider to probe directly this range. 

iv) If SUSY particles are light, the measurement of the Higgs couplings to these particles 
would provide important informations on the MSSM Lagrangian. However, the loop induced 
decays [which involve sparticles] are in general very rare and the rates for direct Higgs decays 
into sparticles or decays of sparticles into Higgs bosons might be too small to be detected at 
colliders in some areas of the MSSM parameter space. 
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Figure 4-4^: The total decay widths of the H and A bosons (left) and their mass difference 
(right) as function of Ma for several values tan/3 = 3,7,15 and 30. 


The s-channel production of the MSSM neutral Higgs bosons at 77 and colliders 

can address some of these issues. Indeed, the energy reach of 77 colliders is expected to be 
~ 80% of that of the original e’''e“ collider and, thus, they can in principle probe higher 
masses in single production, 77 —> H/A, potentially solving problem Hi). For instance, the 
mass reach of a 500 GeV LG in the 77 option is expected to be Ma ~ 400 GeV and, if 
precision measurements of the h boson properties indicate that such a light A particle is 
likely, one could immediately operate in the 77 option rather than waiting for the higher 
stage of the machine. In addition, 77 colliders might help improving the determination 
of tan/3 in /), e.g. using the rr fusion process 77 —> rr + H/A as recently pointed out. 
Muon colliders can also address these two points, if they operate at high enough energy and 
luminosity [and for Hi), before the 1 TeV e''“e“ collider, which seems unlikely]. However, 
it is for point ii) that they provide a unique opportunity: because of the very good energy 
resolution which can be achieved, one could perform a separation of the almost overlapping 
A and H resonances if their intrinsic widths are not much larger than their mass difference. 
For point iv) SUSY loop effects can be probed in the measurement of the Higgs -77 couplings 
while direct Higgs decays into SUSY particles could be studied in detail at colliders. 

In the following two subsections, we briefly discuss the main benefits which can be ob¬ 
tained at 77 and colliders, restricting to the four topics i)-iv) listed above. Many 

other physics issues can also be studied at these colliders and a very important one, the 
verification of the Higgs CP properties, has been already discussed in the SM-Higgs case 
and we have little to add. The measurement of the Higgs couplings to SM particles has been 
also discussed in 51.4.5 and 51-4.6 and a few additional remarks will be made later in 54.6. 
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4.5.2 Production at 77 colliders 

Detection of the H/A bosons in the range Ma = 250—500 GeV 

The production of Higgs bosons in 77 collisions has been discussed in §1.4.5 where all the 
basic ingredients have been given. The study of MSSM H/A production in the Ma range 
beyond the kinematical reach of the e’''e“ collider has been performed in detail in Ref. [512] 
on which the subsequent material will be based. However, in this study, the c.m. energy 
of the initial e+e“ collider was assumed to be y/s = 650 GeV so that Higgs bosons with 
masses up to Ma ~ Mh ~ 500 GeV can be probed and the wedge of Fig. 3.43, where only 
the SM-like h boson can be discovered at the LHG, is entirely covered^^. 

The study assumes the NLG machine and detector designs discussed in Ref. [514] for 
an center of mass energy up to a/s ~ 630 GeV; the expectations for the TESLA 
machine [513] are obtained by simply multiplying the luminosity by a factor of ~ 2. The 
beam spectra and, hence, the luminosity and the polarization, are obtained with the Monte- 
Garlo event generator CAIN [530]. For the broad spectrum, the obtained luminosity is large 
even below the peak at ~ 500 GeV, while the average photon polarization (A 1 A 2 ) is large 
only for > 450 GeV. For the peaked spectrum, the luminosity is large near the peak, 
E^^ > 400 GeV and the product (A 1 A 2 ) is of moderate size for 250 < E^^ < 400 GeV. 

Since the masses of the H and A bosons will not be precisely known, one cannot imme¬ 
diately tune the energy of the machine to sit on the resonances. Therefore, one has either 
to scan in the c.m. energy of the /^^ collider using a peaked E^^ luminosity spectrum 
or run at a hxed c.m. energy with a broad spectrum and then switch to a peaked spectrum. 
In Ref [512], it has been suggested that for the problem that we are concerned with here, 
it is more convenient to run at a hxed energy but with a peaked spectrum half of the time 
and with a broad spectrum the rest of the time. 

The effective production cross sections for the 77 — H/A bb processes, as dehned in 
§1.4.5.1 [but without the polarization factors (1 -|- A 1 A 2 ) and the 6 function replaced by a/s], 
are shown in Fig. 4.43 as a function of Ma for several values of tan/3; the maximal mixing 
scenario has been assumed with Ms = 1 TeV so that the loop induced 77 width and the 
total decay width are not affected by the heavy SUSY particles. 

As for the backgrounds, the average (A 1 A 2 ) obtained with CAIN is not close enough to 
unity to suppress strongly the Jz = 2 events from 77 —> bb by the 1 — (A 1 A 2 ) factor. Guts 
similar to those discussed in §1.4.5 are needed to further suppress these backgrounds. In 
Ref [512] an angular cut cos 6 'b 7 < 0.5 has been applied and a cut of 10 GeV on the bb 
mass distribution has been chosen [the total Higgs widths in the range that is relevant here, 

course, stopping the variation of Ma at 500 GeV in these figures was arbitrary. The wedge is much 
larger if the value of Ma is pushed to 1 TeV and the additional range will not be covered by this analysis. 


279 




Integrated Higgs Cross Sections 
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Figure 4-43: Effective cross sections for the production of the heavier CP-even (left) and the 
CP-odd (right) Higgs bosons in 77 collisions, a (77 ^ H/A —> bb), as a function of Ma for 
several tan/3 values in the maximal mixing scenario with Ms = 1 TeV; from Ref. [512], 


250 < Ma H 500 GeV and 3 < tan f3 < 20, is smaller than 5 GeV bnt the Mh—Ma difference 
can be also of a few GeV; see Fig. 4.42] with assumptions that half of the Higgs events will 
fall into the 10 GeV bin centered around Ma- In this case, the obtained signal events for 
tan/3 = 3, 7,15 and for the hb/cc background events are shown in Fig. 4.44 as a function of 
the jet-jet invariant masses for the broad and peaked spectra. 



Figure 4-44- Signal and background rates for the considered M^-tau/d range as a function 
of the jet-jet invariant mass for a broad spectrum (left) and a peaked spectrum (right) for 
one year operation at a/s = 630 CeV. The cuts are as described in the text; from Ref. [512]. 
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Figure 4-45' The Myi-tan/3 points for which two years of broad spectrum operation plus one 
year of peaked spectrum operation at y/s = 630 GeV will yield a significance S/\/B > 4. 
Shown are the combined significance from both the broad and peaked spectra running (left) 
and the separate significances from the broad and peaked spectra running (right). Also shown 
are the additional points for which a 4cr signal is achieved if the total luminosity is doubled 
(‘2’) or guadrupled (‘4’) relative to the assumed luminosity. The small black sguares in the 
left figure indicate additional points sampled for which even a luminosity increase by a factor 
of four for both spectra does not yield a 4cr signal. The solid curves show the boundaries of 
the LHC wedge region of Fig. 3.45; from Ref. [512]. 


The ability of a 77 collider, based on the NLC design and running at this energy, to 
cover the LHC wedge is illustrated in Fig. 4.45 where the range of the M^-tan/? parameter 
space in which a 4cr detection of the H/A bosons is possible under specihc assumptions on 
the available luminosity as indicated in the caption. A signihcant portion of the parameter 
space can be probed with the nominal luminosity and a three year running of the machine. 
If the luminosity is a factor of four larger [a factor of two in a TESLA-like design] only a 
few points [7 < tan/3 < 15 with 300 < Ma ^ 400 GeV, since the lower part of the Ma 
range up to ~ 300 GeV can be probed in the process > HA in the original mode of 

the collider] would be left out. A further improvement in the luminosity and/or in the mass 
resolution would allow to probe these remaining points and to cover the entire wedge. Thus, 
the 77 option of future linear colliders can indeed allow the coverage of a larger part 
of the MSSM Higgs sector parameter space. 
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Determination of tan (3 


The measurement of the 77 iJ/A —> 66 rate as discussed above can be used for a determi¬ 
nation of tan 13. Again, for an NLC based 630 GeV 77 collider with a two years and one year 
operation with, respectively, a broad and a peaked spectrum, one can measure tan/3 with 
the accuracies shown in Table 4.3 for selected values of Ma and tan/3 [512], The accuracies, 
at most of the order of 30% in the favorable cases, are clearly worse than those which can 
be achieved at a 1 TeV collider; see Fig. 4.29. 


Ma [GeV] 

250 

300 

350 

400 

450 

500 

tan /3 = 3 

0.51 

0.27 

— 

0.45 

0.30 

0.32 

tan (3 = 7 

— 

0.66 

0.23 

0.62 

0.67 

0.87 

tan/3 = 15 

0.46 

0.67 

— 

— 

— 

— 


Table 4-3: Uncertainties on the parameter tan/3 as determined from measurements of the 
77 —>• H/A —> 66 production rate associated with the Higgs discovery in the LHC wedge as 
discussed in the text; errors larger than 100% are not shown. 

It has been recently pointed out that there is a much better way to measure this parameter 
in 77 collisions: the fusion of r leptons, 77 —> r+r“<F with $ = h,H,A [531]. The cross 
section, which can be easily derived in the equivalent particle approximation, is proportional 
to the square of the gq>rT coupling which is enhanced at large tan (3 for the CP-odd A boson 
and for the CP-even H [h) boson in the (anti-)decoupling regime. A further enhancement 
of the cross section is provided by log^ terms. 

The cross section for the signal 77 —> T^T~hh and for the background processes 

77 —> T^T~bh are shown in Fig. 4.46 at a 77 collider based on the TESLA design for h 
production at = 400 GeV (left) and for H/A production at = 600 GeV (right). 
Cuts have been applied to suppress the diffractive 7 -exchange process and the invariant 66 
mass has been constrained to be in the range A = 0.05M$. The r leptons are required to be 
in opposite hemispheres and visible with energies and polar angles larger than, respectively, 
5 GeV and 130 mrad. As can be seen, for tan/3 = 30, the signal cross sections are very 
large, exceeding the femtobarn level in most of the range displayed for and Mh, while 
the irreducible background is much lower after applying the cuts. 

With the expected luminosity of 100 and 200 fb“^ per year in, respectively, the low and 
high energy options, and assuming efficiencies of 70% for 6 -quark tagging and 50% for r- 
identification, one obtains the statistical errors on the measurement of tan (3 which are shown 
in Table 4.4 for various tan /3 and Ma values when CP-even and CP-odd Higgs production 
are combined. In the entire displayed mass range, Ma = 100-500 GeV, the accuracy is at 
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Figure 4-46: The cross sections for the production of the h boson (left) and the H/A bosons 
(right) in the tt fusion process at a 77 collider for tan (d = 30. Also shown is the background 
cross section after applying the cuts specified in the text; from Ref. [531], 

the level of 10% for tan/3 = 10 and a few percent for tan/3 > 30. This is clearly one of the 
best individual tan (3 measurements that can be performed. Detailed simulations, including 
the detector response are, however, required to conhrm these values. 
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2 . 1 % 
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1.5% 

1 . 8 % 

2 . 2 % 

2 . 6 % 
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Table 4-4- Relative errors Atan/3/tan/3 for various values o/tan/3 and Ma based on com¬ 
bined AQ)h and A®H production in tt fusion at 77 colliders, with the specified 77 energies 
and luminosities; from Ref. [531]. 

Effects of light SUSY particles 

Finally, let us briefly comment on the impact of light SUSY particles on Higgs physics in 77 
collisions by taking two examples. The first effect of such light particles is to alter the 77 
widths of the Higgs bosons and to modify the value of the H/A ^ bb branching ratios since 
these particles can also end up as Higgs decay products. The effective 77 —»■ hf/H —»■ cross 
sections will be then increased or decreased depending on the sign of the interference between 
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the SM and superparticle contributions and the magnitude of the branching ratios for the 
decays into SUSY particles [532], This is exemplified in the left-hand side of Fig. 4.47 where 
the 77 —> bb cross sections are shown as a function of ~ for tan /3 = 7 in a scenario 
where charginos and neutralinos are light, M 2 = 2Mi = ±/i = 200 GeV, but sfermions are 
heavy, Ms = 1 TeV. The familiar cuts allowing to enhance the signal to background ratio 
have been used as indicated. 



[GeV] 



[GeV] 


Figure 4-4'^- Left: Cross sections for the resonant production 77 — H/A bb as a function 
of Ma and for the background [with cuts as indicated] with and without SUSY contributions. 
Right: the same as previously but for chargino and neutralino final states [532], 

Another implication is that one could search for hnal states involving the SUSY particles. 
This is exemplihed in the right-hand side of Fig. 4.47 where the production of XiXi 
X 1 X 2 pairs is shown in the same scenario. The signal cross sections are significant but the 
chargino continuum background is one order of magnitude higher. Since neutralinos cannot 
be produced directly at leading order, the decay H/A —>• x^X^ could be observed in topologies 
where the final state is different from the one present in chargino pair production [532]. 

Finally, let us note that there are rare but interesting processes which have larger cross 
sections in 77 that in collisions and which might be more accessible at 77 colliders 

despite of the reduced energy and luminosity^®. This is exemplihed in the case of associated 
h production with iiii and fifi pairs. Fig. 4.48. The cross sections are to be compared with 
those obtained in the e’''e“ option. Fig. 4.39, where the relevant scenarios are described. 
While the cross section for associated production with stop pairs is only slightly above the 
one in collisions, the rate for associated production with r pairs is an order of magnitude 
larger. These cross sections have still to be folded with the photon luminosities, though, and 
might be thus reduced. The backgrounds might also be larger than in e+e“ collisions. 

^®Charged Higgs particles can be pair produced in two-photon collisions, 77 —*■ H'^H~, with rates which 
can be larger than those of the e+e“ option. However, the mass reach is smaller as ^3^ < s/Sg+f.-. 
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Figure 4-48: Associated h production with stop (left) and stau (right) pairs in 77 collisions 
at various c.m. energies in the scenarios presented in Fig. 4-39; from Refs. [446, 507]. 

4.5.3 Production at colliders 

Higgs lineshape measurements 

Physics at muon colliders in the context of MSSM Higgs particles has been discussed in 
numerous reviews [515]. Here, we will simply address the question of how well the masses 
and the total decay widths of the s-channel produced Higgs particles can be measured, that 
is, what is the benefit of a pA collider to improve on the points i)-iii) discussed in §4.5.1 
and which are not covered at the LHC or at a first stage collider in a satisfactory way. 

In Ref. [533], the production of the heavier neutral H/A bosons has been investigated 
at a Higgs factory with a luminosity of a few 100 pb“^ based on the machine and detector 
performances of a [second stage] muon collider that is discussed at CERN [516]. Taking, as an 
example, a scenario in which M 4 = 300 GeV and tan /3 = 10 [i.e. again in the wedge region 
in which the LHC sees only the lighter h boson. Fig. 3.45], the common total decay widths 
of the Higgs bosons are P^ ~ Pjr ~ 0.6 GeV while the mass difference, Mh — Ma ~ 0.7 
GeV, is only slightly larger. The total cross section for p~^p~ ^ H, A ^ bb production is of 
the order of 100 pb at the resonance peaks. 

Assuming that the value of Ma is predicted with a 20% accuracy from the high precision 
measurements of the properties of the h boson at an e’''e“ collider or at the first stage of the 
muon collider running at the h resonance [we will see in the next section that this is possible 
in this M^-tan (4 scenario], a wide scan over the ±60 GeV window for Ma = 300 GeV with 
steps of 1 GeV and luminosities of 1 pb“^ per step, would allow to discover the A and H 
bosons in less than one year running at the muon collider. A finer scan of the two resonances 
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would allow the overall lineshape to be measured. With six energy points at a luminosity 
of 25 pb“^ per point, the average mass and the mass difference, the two peak cross sections 
and the two total decay widths can be determined with a very high accuracy for the energy 
spread of 3 x 10“® that is expected to be achieved. This is exemplified in Fig. 4.49 where 
the total cross sections for /i’*'//” —> H/A —>■ bb production are displayed in the previously 
discussed scenario and with the assumed resolution of 3 x 10“®. As can be seen, the H and 
A resonant peaks can be resolved for this tan (3 choice, as shown by the six small triangles 
with errors bars. The production cross sections can be measured with an accuracy of 1%, 
the Higgs masses with a precision of AMh,a = ±10 MeV and the total Higgs decay widths 
with an accuracy ATh^a = ±50 MeV. The latter measurement would allow a determination 
of tan /5 at the percent level, if theoretical errors are ignored. 

^ 120 

.Oh 

o 

100 

80 

60 

40 

20 

O 

Figure 4-49: Simulated measurements of s-channel fjAgi~ —>■ H/A —>■ bb production at a 
muon collider for Ma = 300 GeV and tan/3 = 10, with six energy points at 25 pb~^ of 
integrated luminosity per point and a beam energy spread o/3 x 10“®; from Ref. [533], 

Thus, clearly, the muon collider is a unique tool and would allow very precise mea¬ 
surements of the Higgs lineshape parameters. However, this is possible only in favorable 
regions of the MSSM parameter space where the H/A total decay widths are smaller than 
the Higgs mass difference. In Ref. [534], a relation between these two quantities for which 
the separation between the two resonant peaks can be achieved, has been proposed. With a 
resolution i? = 0.01% and with ~ 10 energy scans separated by 100 MeV around the Higgs 
resonances at an integrated luminosity of 10 pb“^ per point, and assuming a 50% efficiency 
for fe-tagging, its has been shown that the two resonance peaks can be separated provided 
that \Mh — Ma\ > |(rA ± ^h)- Using the program HDECAY, the range of the M^-tan/3 pa¬ 
rameter space in which this rule is obeyed is shown in Fig. 4.50. Values of up to tan/3 = 20 
can be probed for Ma ^ 200 GeV, while for tan f3 < 6-8, the separation can be made for 
mass values up to Ma ~ 700 GeV. 
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Figure 4-50: The region of the M^-tan (3 parameter space in which the Higgs mass difference 
is sufficiently large \Mh — Ma\ > |(r^ + rji/) that a scan over the H and A boson resonances 
can measure the two masses (shaded area). Also shown are the \Mh — Ma\ = |(rA + Th) 
(leftmost) and \Mh — Ma\ = |(rA + Th) (rightmost) contours for comparison [534]- 

Decays into SUSY particles 

If SUSY particles are light, they can end up as hnal decay products of at least the heavier 
CP-even and CP-odd s-channel Higgs boson resonances. These processes would provide 
a very good opportunity to probe the couplings between the Higgs and SUSY particles 
which, as discussed previously, are essential ingredients of the MSSM Lagrangian as they 
involve many soft SUSY-breaking terms. In the following, we will discuss such a possibility 
restricting ourselves to two examples which are in principle more favored by phase space 
considerations: Higgs decays into the lightest and next-to-lightest neutralinos and Higgs 
decays into a pair of f slepton eigenstates [at high tan (3 values, fi appears often to be the 
next-to-lightest SUSY particle]; other related studies can be found in Ref. [515] for instance. 

At muon colliders, the process pApi~ —>• X 1 X 2 proceeds through s-channel Z boson ex¬ 
change, f-channel fi exchange and through the decays H/A ^ X 1 X 2 if ^.m. energy of the 
collider is tuned to sit on the Higgs resonances. However, since the H, A particles are nearly 
degenerate in mass in large parts of the MSSM parameter space, the determination of the 
resonance lineshape parameters would be a difhcult task in some cases, as seen previously. 
In Ref. [535], it has been suggested to use the dependence of the production process on the 
polarizations of the initial muons and on that of the hnal neutralinos, to disentangle between 
the contributions of the two different resonances. 

Indeed, the interference of the CP eigenstates H and A is known to be sizable if the mass 
difference between the particles is of the order of their total decay widths [536]. Since the 
neutralinos are of Majorana nature, their polarizations averaged over the scattering angles 
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vanish in the s-channel Z and t-channel ft, exchange contribntions and results only from the 
interference of the two Higgs channel contributions. For decays of the heavier neutralino into 
a lepton and a slepton, xt the energy distribution of the final lepton depends on 

the longitudinal polarization of the neutralino X 2 which is correlated with the longitudinal 
polarization of the initial muon beams, Pj", when the interference effects are present. The 
distributions can be used to probe the Higgs-neutralino couplings and, in particular, one 
can define the asymmetry in the = e, fi,T energies Ei, Ei 


A 


n _ 

£ — 



A'f+) , with Af± 


o'f±{Ei > Ef) — af±{Ei < Ef) _ 
o'f±{Ei > Ef) + af^{Ei < Ef) 2^^ P 


(4.19) 


with n = L,R, = =Fl in the absence of slepton mixing and where P oc 1 + 

S oc P_f^ — Pi' are functions of the Higgs couplings to the neutralinos, with the latter being 
directly proportional to the interference between the H/A couplings. 


a [fb] Af 



Figure 4-51: The neutralino production cross section, —>■ X 1 X 2 )! ^^e asymmetry Af 

in the lepton energy distribution in the decay X 2 —with i = e,fi, and the significance 
with luminosity times detection efficiency eC = Pg// = 0.5 fb~^ as a function of the c.m. 
energy in the scenario SPSla for various beam polarizations: Pf^ = Pfi = —0.2 (dash- 
dotted), —0.3 (dashed) and—OA (solid); from Ref. [535], 


Fig. 4.51 displays the cross section —>• XiX 2 )y i'h® asymmetry Af and its statistical 

significance Sf = \Af\\j2a x BR(x 2 —as a function of the c.m. energy around 
the Higgs resonances for different values of the longitudinal beam polarization. The chosen 
SUSY scenario is the SPSla point which leads to Ma = 393.6 GeV and Mh = 394.1 GeV 
with F^ F/^ 1 GeV while m^o ~ 2m^o ~ 180 GeV. The production cross section is 

large, in particular near -y/i ~ Ma, and does not signihcantly depend on the polarization 
since a oc 1 + PfiPf ~ 1 in this case. In turn, the asymmetry is largest for y/s ~ Mh where 
the GP-even and GP-odd amplitudes are of the same order and depends signihcantly on 










the beam polarizations, oc + P_^. The statistical significance follows the trend of the 
asymmetry. The lepton energy asymmetry is very sensitive to a variation of the parameters 
which enter in the Higgs couplings, namely, tan/?. Mi, M 2 and /r. Similar studies have been 
performed for chargino pair production at muon colliders [537]. 

A powerful probe of the couplings of the Higgs bosons to SUSY particles is through 
the production of third generation sleptons at muon colliders. The processes occur through 
s-channel 7 , Z and h, H boson exchange for unmixed pairs, —>■ fjfj with i = 1,2 [as 

a consequence of CP-invariance, the A boson does not couple to diagonal states] and for 
mixed pairs, —>■ fif 2 , through the exchange of the Z boson [as the 7 fir 2 coupling is 

forbidden by U(1)qed gauge invariance] and the three Higgs particles h, M, A. As mentioned 
previously, these states might be light enough to be accessible and third generation sfermions 
have in general much stronger Higgs couplings than first/second generation sfermions. To 
study these couplings and to check, for instance, the absence or presence of CP-violation 
in the vertices, one has to construct as many asymmetries as possible. In this respect, f 
sleptons are ideal objects since their charges can be easily identified [as it must be the case 
in most asymmetries allowing to probe CP-violation for instance] in contrast to the case of 
t and b production [which, in any case, are expected to be heavier than rs]. 

If the H and A resonances can be separated, running at c.m. energies close to the pole of 
the pseudoscalar Higgs particle and producing pairs of diagonal states /r■*■/!“ —> A —> fjTj in 
excess of the continuum background, 7 , Z —> fifj, is a definite sign of CP-violation 

in the Higgs sector. Unfortunately, this is generally not the case and the H/A poles are 
overlapping at high tan/?. This is shown in the left-hand side of Fig. 4.52 where the cross 
sections for fifi, f 2 f 2 and fif 2 production are shown in the scenario described in the caption, 
where all states are kinematically accessible. While the cross section for the diagonal states 
is dominated by gauge boson exchange, the production of the mixed states is essentially due 
to the Higgs exchange diagrams and, in this case, both H and A contribute and the two 
peaks cannot be resolved as the Mh — Ma difference is small compared to Higgs total widths. 

Thus, for the probing of the couplings, one has to resort to distributions and asymmetries. 
Assuming the possibility of longitudinally and transversally initial beams and allowing for 
CP-violation, the most general matrix element for the production amplitude fifj 

involves 15 terms, out of which 9 terms are CP-even and 6 terms are CP-odd. This would 
allow, for a single final state, to define 9 rate asymmetries R and for a given final state 6 
polarization and angle asymmetries P [leading to a total of 27 asymmetries when all final 
states are considered]. The number of asymmetries which can be measured depends on the 
number of kinematically accessible final states but, more importantly, on the availability or 
not of the beam polarization. Without polarization, only one rate asymmetry is measur¬ 
able, while with longitudinal polarization, another rate and polarization asymmetries are 
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Figure 4.52: The total cross sections for with the curve labeled ‘(1,2)’ refers 

to the sum of ffff) + production as a function of the c.m. energy (left) and absolute 

values of selected asymmetries times sguare root of the cross section the labels ‘R’ and ‘P’ 
refer to rate and polarization/azimuthal angle asymmetries, respectively. The set of SUSY 
parameters is: Ma = |/i| = \A/ = |M 2 = 500 GeV, = 230 GeV, = 180 GeV and 
tan (3 = 10; all phases are zero, except for that of Ar which is taken to be 1; from [538]. 

measurable. All other asymmetries are accessible only if, at least, one beam is transversally 
polarized. Note that these asymmetries need the reconstruction of the f azimuthal angles. 

In the right-hand side of Fig. 4.52, we show in f/f/ production a number of rate and po¬ 
larization effective asymmetries, defined as the product of asymmetries times the square-root 
of the relevant cross sections which determine the luminosity times reconstruction efficiencies 
that are needed to observe the asymmetries. The total rate asymmetry i?(l) in the hgure 
is entirely due to the interference between the CP-even h and H boson contributions and 
is thus very small. In contrast, near the Higgs peaks the effective polarization asymmetries 
F(l) and F(2) are both very large: the former is measurable with longitudinally polarized 
beams, while the latter is only accessible if at least one beam is transversely polarized. F(5) 
and F(9) can also reach the level of 1 fb^'^^ and the latter, which is accessible with one 
longitudinally and one transversely polarized beam, goes through zero at ^/s = Mh while 
the effective polarization asymmetry P(3) goes through zero at ^/s = Ma- 

Hence, the contributions of the H and A bosons can be separated out. However, in the 
figure, a 100% beam polarization is assumed so that these asymmetries will be diluted in 
practice. In turn, the corresponding asymmetries in the case f/f/ production can be much 
larger in some cases. In addition, if the mass difference Mh — Ma is large, as would be 
the case if CP-violation is present in the Higgs sector, some of these asymmetries would be 
completely different, thereby probing this violation and allowing to measure the Higgs mass 
difference. Thus, many aspects can be investigated in these processes and more detailed 
discussions can be found in Ref. [539]. 
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4.6 MSSM consistency tests and the LHC/LC complementarity 

As highlighted at several places in this report, lepton colliders are very high precision in- 
strnments in the context of Higgs physics. In the MSSM, a nnmber of very important 
measnrements can be performed at these machines as is briefly snmmarized below. 

4.6.1 Precision measurements at lepton colliders 

If the heavier H, A and states are kinematically accessible, one can measure their masses 
and their cross sections times decay branching with a relatively good accuracy. This has 
been discussed in §4.1.3 for the neutral Higgs bosons in the decoupling regime where it has 
been shown that in the pair production process > HA, a precision of the order of 

0.2% can be achieved on the H and A masses, while a measurement of the cross sections 
can be made at the level of a few percent in the bbbb channel and ten percent in the bbT^T~ 
channel; see Table 4.1. For the charged Higgs boson, statistical uncertainties of less than 1 
GeV on its mass and less than 15% on its production cross section times branching ratio in 
the channel > H^H~ —> tbib can be achieved for Mfj± ~ 300 GeV with high enough 

energy and luminosity; §4.3.3. The spin-zero nature of the particles can be easily checked 
by looking at the angular distributions which should go as sin^ 9 at tree-level. 

These measurements allow the determination of the most important branching ratios, 
bb and for the neutral and tb and rz/ for the charged Higgs particles, as well as the 

total decay widths which can be turned into a determination of the value of tan j3, with an 
accuracy of 10% or less. These measurements can be improved by turning to the 77 mode 
of the collider, where one can reach a precision of a few percent on tan jS in r-lepton fusion, 
or moving to a collider, where a very good measurement of the H/A lineshapes is 

possible. Several other measurements, such as the spin-parity of the Higgs particles and in 
a favorable region of the parameter space, some trilinear Higgs couplings, can be made. 

The profile of the lighter Higgs boson can be entirely determined. This is particularly the 
case close to the decoupling regime where the h boson behaves as the SM Higgs particle but 
with a mass below Mh < 140 GeV. This is, in fact, the most favorable range for precision 
measurements as the Higgs boson in this mass range has many decay channels that are 
accessible. This has been shown in great details in §1.4.4 when we reviewed the precision 
studies for a SM Higgs boson at colliders, as well as in §1.4.5 and §1.4.6 at, respectively, 
the photon and the colliders. The mass of the Higgs particle can be determined with 

an accuracy of about 50 MeV and its couplings to W, Z bosons, to bottom/charm quarks 
and to r-leptons, as well as the couplings to gluons, can be measured with a precision of a 
few percent. The important Yukawa couplings to top quarks and the trilinear Higgs self¬ 
couplings can also be determined with a precision of less than 10 % and 20 %, respectively. 
The two-photon width can be measured at the level of a couple of percent at 77 colliders and 
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the total decay width [which can be determined indirectly with a precision of a few percent 
in e'''e“ collisions] can be accessed directly at muon colliders where a measurement at the 
level of 5 to 10%, depending on the luminosity, can be made. The spin-parity quantum 
numbers of the particles can be also pinned down in e’''e“ collisions either in distributions 
in the Higgs-strahlung production process or by looking at correlations in the decays into 
WjZ bosons or r leptons. Additional checks of the spin-parity assignments can be made at 
77 and colliders if suitable polarizations of the beams are available as has been shown 

in §1.4.5 and §1.4.6. 

As discussed in §1.4.4, a dedicated program called HFITTER, based on the code HDECAY 
for the calculation of the Higgs boson branching ratios, has been developed by the authors 
of Ref. [540]. It uses as inputs the various cross section and branching ratio measurements 
which can be performed in e’''e“ collisions for the SM-Higgs boson and gives the accuracies 
with which the Higgs couplings to the SM particles can be determined, including the full 
correlation matrix in the measurements. The output for the accuracies on the SM Higgs 
couplings to fermions, gauge bosons and the self-coupling are displayed in Table 4.5 for 
Mhsm = 120 GeV and 140 GeV at ^/s = 500 GeV with C = 500 fb“^. Although already 
shown in §1.4.4.3, we reproduce this table for the sake of completeness and to make the 
subsequent discussion more transparent. 


Quantity 

Mh = 120 GeV 

Mh = 140 GeV 

AMh 

± 0.00033 

± 0.0005 

Th 

± 0.061 

± 0.045 

AGP 

± 0.038 

- 

^HHH 

± 0.22 

± 0.30 

9hww 

± 0.012 

± 0.020 

Ohzz 

± 0.012 

± 0.013 

Omt 

± 0.030 

± 0.061 

OHbb 

± 0.022 

± 0.022 

9Hcc 

± 0.037 

± 0.102 

QHtt 

± 0.033 

± 0.048 


Table 4-5: Relative accuracy on the couplings of a SM-like Higgs boson obtained from a 
global fit using the program HFITTER. A luminosity C = 500fb~^ at s/s = 500 GeV is 
assumed except for the measurement of gmti^HHH), which assume 1000fb~^ at y/s = 800 
(500) GeV in addition. On top of the table, we display the accuracies on the Higgs mass, 
the total width and its GP-component as obtained at ^/s = 350 GeV with C = 500 fb~^. 
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In Fig. 4.53 are shown the la and 95% conhdence level contonrs for the htted values 
of various pairs of ratios of couplings for a SM-like Higgs boson with a mass of 120 GeV, 
assuming the experimental accuracies which can be achieved at the TESLA machine with 
the energy and luminosity quoted above. 




9w/gw(SM) 


gt.Au(SM) 


Figure 4-53: Determination of the couplings of a SM-like Higgs boson at TESLA and the 
interpretation within the MSSM. The contours are for ghbb vs. ghcc, Qhbb vs. ghww VLnd gnbb 
vs. PhTT for a 120 GeV Higgs boson as measured with 500fb~^ data at y/s = 350 GeV; the 
full covariance matrix has been used for the correlated measurements; from Ref. [470]. 


4.6.2 Discriminating between a SM and an MSSM Higgs boson 

In the [unlikely] case were no genuine SUSY particle has been produced at the LHC or at the 
LC, the discovery of a neutral Higgs boson with a mass < 140 GeV will raise the question 
of whether the observed particle is the SM Higgs boson or the lightest h boson of the MSSM 
extension. In particular, since there is a large area of the MSSM parameter space in which 
only the lighter Higgs particle can be produced at the LHC, Fig. 3.45, and since the particle 
has almost the SM-Higgs properties, it will be very difficult to discriminate between the SM 
and MSSM Higgs bosons. Also, for non MSSM enlarged Higgs sectors [such as non SUSY 
two-Higgs doublet models or SUSY extensions with additional singlet and/or doublet helds] 
where decoupling occurs, there is a possibility that the produced Higgs particle looks as the 
SM Higgs or the lightest MSSM h boson. In this case, the precision measurements of the 
Higgs couplings at the linear collider will be a powerful means to disentangle between the 
various possible scenarios. 

A detailed analysis of the deviations of the couplings of a Higgs boson with a mass of 
120 GeV, assumed to be the MSSM h boson, from the predictions in the SM [as discussed 
earlier, the prohle of ifsM is entirely determined once its mass is hxed] has been performed in 
Ref. [470] based on a complete scan of the MSSM parameter space, including the full set of 
radiative corrections. For each set of Ma and tan (4 values leading to a Higgs mass of Mh = 
120 ± 2 GeV [where 2 GeV corresponds to an optimistic estimate of the theoretical error], 
the h boson branching ratios into various hnal states have been calculated and compared 
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to the SM predictions. From a test which compares the deviations, 95% of all MSSM 
solutions can be distiguished from the SM case for Ma ^ 600 GeV and this number reduces 
to only 68% for Ma ^ 750 GeV. This is also shown in Fig. 4.53 where the fitted values of 
the pairs of measurements for a SM-like Higgs boson are compared to the changes induced 
in the MSSM for Ma values in various ranges. As can be seen, at the la level, the MSSM 
effects can be observed even for pseudoscalar masses of 1 TeV. 

If large deviations of the Higgs couplings from the SM predictions have been observed, one 
could go further and use the available high-precision observables to estimate the mass of the 
MSSM GP-odd Higgs boson. By varying the A boson mass, together with the other MSSM 
parameters, within the range compatible with the experimental and theoretical uncertainties, 
it has been shown in the same analysis discussed above that an indirect determination of 
Ma in the mass range 300-600 GeV is possible with an accuracy of 70-100 GeV. 



Figure 4-54: The deviation of the ratio BR{h —>■ hh)/BR{h —> rr) from its SM value as a 
function of Ma for tan ft = 50 (left) and tan j3 for Ma = 500 GeV (right) for fixed values of 
At and /r; from [200]. The inner small (blue/dark) and large (yellow/light) bands represent 
the expected measurement error of the ratio at, respectively, the LC and the LHC. 

The same exercise can be performed using the ratio of branching ratios BR(h —»■ bb) /BR(h 
—>• rr) [200]. In the MSSM, this ratio should be constant at tree-level, cc Hmf/m/. How¬ 
ever, slightly outside the decoupling regime, the ratio is very sensitive to the SUSY loop 
contributions as discussed in §2.2.1. In particular, for large values of tan/3 [and /i], the 
gluino/sbottom contributions to the h —>■ bb partial widths can be rather large. This ratio 
is thus sensitive not only to Ma as seen above but also to the value of tan/3 and, even, to 
the parameters /i and Af. This is exemplified in Fig. 4.54 where the ratio is displayed as a 
function of Ma for tan/3 = 50 (left) and as a function of tan/3 for Ma = 500 GeV (right) 
for given values and signs of the parameters fi and At. The inner small bands represent the 
expected accuracy in the measurement of the ratio at the linear collider. 
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As can be seen from the figure, this type of indirect determination cannot be made in 
a convincing way at the LHC as the experimental errors in the various measurements are 
much worse than at the LC. This is also exemplihed in Fig. 4.55 where the contours for the 
pair of couplings Qhww and ghtt) similarly to those of Fig. 4.53, are displayed for Mh = 120 
GeV. As can be seen, while the la LC contour is sensitive to pseudoscalar Higgs masses up 
to almost 1 TeV, there is practically no sensitivity at the LHC. 



Figure 4-55: A comparison of the accuracy in the determination of the ghtt and gnww cou¬ 
plings at TESLA [with the same assumptions as in Fig. 4-53] and at the LHC, compared to 
the MSSM predictions for different values of Ma; from Ref. [470]. 

4.6.3 Complementarity between the LHC and the LC 

However, the precision measurements at the LC can gain enormously from other measure¬ 
ments that can be performed only at the LHC. Indeed, the various Higgs couplings are 
not only sensitive to the input parameters Ma and tan/3 which enter at the tree level but, 
also, on parameters of the SUSY sector that enter through the large radiative corrections. 
Some of these SUSY parameters, in particular the stop and sbottom masses which contribute 
through large logarithms, will probably be measured only at the LHC where the energy reach 
is much higher than at the LC. If, in addition, the pseudoscalar Higgs boson is discovered at 
the hadron machine, which means that tan [3 is probably large, tan /3 > 15 for the dominant 
production and detection channels gg ^ A/H + bh ^ Trbb to be effective, and its mass is 
measured at the level of 10% which, as we have seen in §3.3.3 is possible, the only other 
important parameter entering the Higgs sector at one-loop is the trilinear coupling At [and 
to a lesser extent, Ai, and p] which will be only loosely constrained at the LHC. Nevertheless, 
using this knowledge and the fact that the top quark mass, which is also a very important 
ingredient of the radiative corrections in the MSSM Higgs sector, can be measured with a 
precision of 100 MeV at the LC, one can vastly improve the tests of the MSSM Higgs sector 
that can be performed at the LHC or at the LC alone. 
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This statement is exemplified in the left-hand side of Fig. 4.56 where the contours for 
the branching ratios of the decays of a Higgs boson into W bosons and b quarks is shown 
for Mh = 116 GeV. Also shown are the accuracies with which these branching ratios can 
be measured at the LC, typically, 2.5% and 5% for BR(h — bh) and BR(/i — WW*), 
respectively. Here, we are in the mSUGRA SPS lb benchmark scenario [249] in which the 
value of tan /3 is large, tan j3 = 30, and the value of the pseudoscalar Higgs mass is Ma = 550 
GeV while the stop and sbottom masses are in the range of 600-800 GeV. All these particles 
can be discovered at the LHG and their masses can be measured; in particular an accuracy 
of ~ 5% can be obtained on the squark masses. While the region of the MSSM parameter 
space that is allowed for these decay branching ratios is in principle very large, it shrinks to 
a very narrow range when the available experimental information from the LHG and the top 
quark measurement at the LG is included. If, in addition, one assumes that a theoretical 
error of only 0.5 GeV can be achieved for the prediction of Mh at the time the LG is running 
[the experimental error is very small, AM/j 50 MeV], the allowed parameter space for 
the MSSM prediction reduces to two extremely small regions which correspond to the sign 
ambiguity in the trilinear coupling At. 
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Figure 4-56: Left: the experimental accuracies for the branching ratios BR(h ^ bh) and 
BR(h —> WW*) at the LC [the vertical and horizontal bands] compared with the prediction 
in the MSSM. The light shaded (yellow) region is for the full allowed parameter space, the 
medium shaded (light blue) region is for the range of predictions in the MSSM when compati¬ 
ble with the assumed experimental information from LHC and LC, AMa = 10%, tan/? > 15, 
Ami,Ami = 5%, Amt = 0.1 CeV and the dark shaded (dark blue) region is when a mea¬ 
surement of the light h boson mass, including a theoretical uncertainty of AMh = 0.5 CeV, 
is assumed. Right: the branching ratio of the decay h —> WW* as a function of the trilinear 
coupling At; the light shaded (light blue) region is the range of MSSM predictions compatible 
with the experimental information given above; from Ref. [Sfl]- 


296 












These two regions can be discriminated by the experimental measurements. This can be 
seen from the right-hand side of Fig. 4.56 where the branching ratio for the decay h —> WW* 
is shown as a function of At under the same conditions as above. Not only the sign ambiguity 
At is removed but the parameter itself, which is notoriously known to be very difficult to 
probe at hadron colliders, can be determined with a reasonable precision. This additional 
information will be very important, particularly in constrained models in which the trilinear 
coupling defined at the high scale is among the few basic input parameters. 

Thus, an agreement between the precise measurements of the various branching ratios 
which can be performed at the linear collider, supplemented by the information on the 
masses of the heavy states that is provided by the LHC, with the theoretical prediction will 
constitute a highly non trivial test of the MSSM at the quantum level. This is a typical 
example of the LHC/LC complementarity which has been discussed in detail in the review 
of Ref. [517] to which we refer for other examples. 

4.6.4 Discriminating between different SUSY—breaking mechanisms 

The high-precision measurements in the Higgs sector would allow to perform consistency 
tests of a given model of Supersymmetry breaking. In the context of mSUGRA type mod¬ 
els, for instance, the measurement of the many branching ratios of the lighter h boson can 
tell an mSUGRA model with universal boundary conditions at the GUT scale for all scalar 
particles from the less constrained models in which, e.g., the sfermion and the Higgs soft 
SUSY-breaking mass parameters are different at this high scale. The ability of the mea¬ 
surements, via their sensitivity to variations of the parameter Ma and fi for example, to test 
the universality assumption of mSUGRA models and to verify the presence of non-universal 
scalar masses for the Higgs fields is demonstrated in Fig. 4.57. The number of standard 
deviations of the cross sections times branching ratios of the lighter h boson for several final 
states from their values as predicted in the SM, as well as from the values predicted in an 
mSUGRA scenario in which the chosen input parameters lead in principle to a pseudoscalar 
Higgs mass of Ma ~ 440 GeV, is shown when this parameter is varied around the mSUGRA 
point. In the left-hand side, only the measurements performed at the e+e“ collider [with 
a c.m. energy between 350 and 500 GeV] are displayed while, in the right-hand side, the 
additional information from measurements performed at the 77 mode of the machine and 
at colliders, is displayed. 

As can be seen, the variations with Ma is quite substantial, in particular in the h ^ bb and 
h —> WW* channels at the LG where deviations from the mSUGRA prediction Ma = 440 
GeV could be as large as ~ 2.5a or more for AM a = 100 GeV; the h ^ bh measurement 
at photon and muon colliders is also very sensitive to this variation. Thus, a distinction of 
the two scenarios can be performed at a very high level. [The variation with /i, the other 
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Figure 4-57: The number of standard deviations of the predictions in non-universal Higgs 
mass mSUGRA-type models as compared to the SM are shown in the different axBR chan¬ 
nels as functions of Ma for the LC (left) and at 77 and colliders (right); the cor¬ 

responding cMSSM values of Ma are indicated by light vertical (orange) lines. The other 
parameters are mi /2 = 300 GeV, = 100 GeV, tan/? = 10 and Aq = 0; from Ref. [156]. 

parameter which is affected by the non-universality of the Higgs mases, is rather weak as it 
enters the Higgs sector observables only at the loop level in contrast to Ma] 




Figure 4.58: Left: comparison of BR{h —>■ bh) in the three soft SUSY-breaking scenarios, 
mSUGRA, AMSB and GMSB, via measurements at a linear collider. Right: the same 
as previously, but assuming direct input on the SUSY spectrum from the LHG. The areas 
surrounded by dashed lines correspond to the parameter regions in the three scenarios where 
the stop mass is the range mi.^ = 850 ± 50 GeV, while the shaded areas surrounded by full 
lines correspond to the case where, in addition, one has = 950 ±50 GeV [156]. 
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The possibility of precision measurements in the Higgs sector at lepton colliders could 
allow to distinguish between different scenarios for soft SUSY-breaking. This is particularly 
true when the measurements of the various cross sections and branching ratios of the h boson 
are combined with measurements of the SUSY spectrum at the LHC. This is exemplified in 
Fig. 4.58 where, in the left-hand side, the range allowed for BR(/i —> hh) is displayed as a 
function of tan /? > 30 for a small variation of Ma around 550 GeV, in three popular scenarios 
of SUSY-breaking: mSUGRA and minimal AMSB and GMSB. The three possibilities can 
be discriminated in some cases but the overlapping regions are quite large. In turn, if some 
information from measurements of the squark and gluino masses at the LHC is added, the 
three possibilities can be disentangled with a high confidence. This is another example of 
the complementarity between the LHC and future lepton colliders. 

4.6.5 The connection with cosmological issues 

Finally, the measurements that could be performed at both the LHC and the LC will be 
undoubtedly needed for a precise prediction of the cosmological relic density of the LSP 
neutralino which is supposed to make the Dark Matter of the universe in SUSY models. As 
discussed in §2.4, the WMAP measurement of is so accurate and the forthcoming 

measurement by the Planck satellite will be even more accurate that a very precise knowl¬ 
edge of the physical parameters of the MSSM will be required. This is particularly true in 
mSUGRA-type models where, in most of the parameter space, the LSP neutralino turns out 
to be bino-like and does not annihilate efficiently enough into fermions [through t-channel 
sfermion exchange] to satisfy the tight WMAP constraint. One therefore has to resort to 
additional mechanisms, such as rapid annihilation via s-channel exchange which occurs near 
Higgs boson poles and co-annihilation with sfermions which needs a near mass degeneracy 
of the lightest neutralino with the NLSP. All these mechanisms [in addition to the “focus 
point” scenario where the LSP has a large higgsino component and annihilates efficiently 
into gauge and Higgs bosons] occur only in very narrow strips of the parameter space and 
need a fine adjustment of several SUSY parameters to take place. 

Examples of accuracies which are needed on the weak scale parameters of the MSSM 
[either the physical or the soft SUSY-breaking parameters] to match the WMAP measure¬ 
ment are displayed in Fig. 4.59 in the various scenarios which have been discussed in §2.4.2. 
The fractional quantities a = AP/P are defined as the accuracies that are required on each 
MSSM parameter P to obtain a 10% shift in the value of Q^oh^, which corresponds to the 
uncertainty of the WMAP measurement, Ddm = 0.113 ± 0.009. Here, a point in the 
constrained mSUGRA model is chosen but for the calculation of the accuracy a{P) the more 
general pMSSM model is assumed. This allows to relax the strong assumptions of mSUGRA 
and to perform a less model dependent analysis. 
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Figure 4-59: Required fractional accuracies a{P) upon various MSSM parameters P in 
the pMSSM to match the WMAP accuracy for the neutralino relic density obtained in an 
mSUGRA scenario. The left, central and right figures correspond to the scenarios which 
have been given in respectively, Figures 2.50, 2.49 and 2.48; from Ref. [288]. 


In the left-hand side of Fig. 4.59, shown are the fractional accuracies a which are needed 
on the parameters tan (3, and Mi to arrive at the small mass difference between the lightest 
fi and the LSP neutralino which gives the correct ^^oh'^ in the scenario where fi-x? co¬ 
annihilation is the main ingredient; Fig. 2.50. The central hgure shows the accuracies a of 
the various parameters, in particular the total width of the pseudoscalar A boson and the 
2m^o — Ma difference, which are needed for a rapid LSP annihilation to take place in the 
“Higgs fnnnel” scenario of Fig. 2.48, throngh the s-channel A boson pole. Finally, the hgure 
in the right-hand side shows the accuracies which are needed for several parameters which 
allow the LSP to have a large higgsino component and adequate couplings to the Higgs boson 
to make the required relic density in the “focus-point” scenario of Fig. 2.49. 

As can be seen, the experimental information which is needed to arrive at a precise 
prediction of is very demanding, since some MSSM parameters should be measured 

at the percent, if not a the per mille, level [a very high-precision measurement of some 
SM parameters, snch as the top quark mass, will also be needed in this context]. Some 
parameters of the MSSM Higgs sector such as tan/3, M^ and F(A) could play a key role in 
this context. The combination of the complementary informations that will be obtained at 
the LHC and at a futnre linear collider will be crncial to arrive at such a precision. Note, 
also, that theoretical uncertainties in the prediction of the nentralino relic density [which 
can be estimated for instance through scale dependence, etc..] are also large at the present 
time. A large theoretical effort will be, thus, also necessary in order to match the WMAP 
and the forthcoming PLANCK measnrements. 
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Appendix 

Al: SM input parameters 

Except when it is explicitly mentioned, we use the following default values for the pole masses 
of the SM gauge bosons, leptons and quarks 

Mz = 91.187 GeV , Mw = 80.425 GeV, (A.l) 

nir = 1.777 GeV , = 0.105 GeV, (A.2) 

mt = 178 ± 4.3 GeV , rrn, = 4.88 ± 0.07 GeV , rric = 1.64 ± 0.07 GeV (A.3) 

For the quark masses, we have included the experimental errors. In most cases [except, 
eventually, for the top quark], we use the running MS or DR quark masses dehned at the 
scale of the Higgs mass as described in §1.1.6 and §1.1.1.4 of the hrst part of this review. The 
electron and the light quark masses are too small to be relevant. An exception is provided 
by the strange quark mass for which we will use the value fhs{l GeV) = 0.2 GeV. 

In the case of the bosons, the values of some CKM matrix elements need to be hxed 
in addition and we use 


K, = 0.22, Vcb = 0M, Kfe/V,b = 0.08 (A.4) 

The values used for the hne structure constant, the Fermi coupling constant and the 
strong coupling constants are: 

a-\Ml) = 127.934 , = 1.16637 ■ 10“^ GeV^ , a,(M|) = 0.1172 ± 0.002 (A.5) 

The value of electroweak mixing angle is derived from the W and Z masses and we use 

sin^ ew = sl^ = l-clr = 0.2315 (A.6) 

A2: The benchmark scenario 

In the majority of cases and unless otherwise stated, we have implemented the radiative 
corrections in the MSSM Higgs sector in the following benchmark scenario 

Ms = rriQ^ = \mi. = 2 TeV , At = = VQ Ms 

M 2 — 2 Ml = —/i = 400 GeV, M3 = 0.8 Ms 

and varied the pseudoscalar Higgs boson mass M^, for which we take the value Ma = 1 
TeV for the decoupling limit. The parameter tan/3 is in general chosen to be tan/3 = 3 or 
tan /3 = 30. 
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A3: Notation for the Higgs states 

In addition to Hsm which denotes the SM Higgs boson, we have used throughout this review, 
the following notation for the MSSM Higgs particles: 

- Hk with Hi = H, H 2 = h, = A and H 4 = for all Higgs bosons. 

- ^ = h, H, A for the three neutral MSSM Higgs bosons. 

- H = h, H ioT the two CP-even neutral Higgs particles. 

- ip = h, A for the lighter CP-even and CP-odd neutral particles. 

- = h{H) and <I>a = H{h) for the SM-like and pseudoscalar-like Higgs boson in the 
decoupling (anti-decoupling) regime. 
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